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ABSTRACT 
 
Constraints on craton stability from thermochronologic and geochronologic studies of the 
Slave and Wyoming cratons 
 
Alexis K. Ault (Ph.D, Geological Sciences) 
Thesis directed by Assistant Professor Rebecca M. Flowers 
 
New thermochronological and geochronological data from the Archean Slave and 
Wyoming cratons provide key constraints on the interaction of surface, deep crustal, and mantle 
processes. An extensive apatite (U-Th)/He (AHe) thermochronometry dataset from the Slave 
craton better resolves the Phanerozoic history of burial, unroofing, and elevation change. AHe 
dates across the northwestern Canadian shield vary from ~210 to ~360 Ma, and define NNE-
SSW domains with older dates in eastern Slave and younger dates westward. Thermal history 
simulations reveal Paleozoic heating and burial to depths ≥ 4.4 km, a subsequent westward wave 
of unroofing to near surface conditions by earliest Cretaceous, and a lesser burial and unroofing 
in Cretaceous-Early Tertiary time. These data and additional observations are consistent with 
western Canadian shield-wide subsidence in Paleozoic time followed by surface uplift, and 
require	 ≥ 300 m of post-100 Ma elevation gain of the Slave craton. The transition from 
Paleozoic-Mesozoic subsidence to uplift may reflect a shift from northern to western plate 
boundary controls, with the Cretaceous-Early Tertiary history controlled by Cordilleran 
evolution. Dynamic topography and proximity to sediment sources likely influenced the burial, 
erosion, and vertical motion history of the craton. Slave kimberlites emplaced during the 
Paleozoic-Mesozoic burial phase would have been denuded during unroofing, potentially 
explaining the ~250 myr gap in kimberlite ages. 
 iv 
The AHe method has been little applied in cratons, but new advances enable its 
successful application to these settings. The large Slave craton AHe dataset is used to more 
comprehensively evaluate potential causes of dispersion, such as apatite U-Th zonation, on AHe 
results. U-Th maps for 70 apatites reveal that all grains are zoned.  However, thermal history 
simulations show that, except in unusual circumstances, the conventional unzoned apatite 
assumption will not cause misinterpretation of AHe datasets. 
 In the Wyoming craton, automated mineralogical analysis and refined SIMS U-Pb 
geochronology were used to locate and date in situ mafic dike zircons as small as 5 µm, a grain 
size undatable by conventional techniques. Results demonstrate that zircons housed in quartz 
were shielded from thermal resetting, and expand the documented extent of Paleoproterozoic 
granulite facies metamorphism in the northwestern Wyoming craton. 
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CHAPTER 1  
 
 
INTRODUCTION 
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 CHAPTER 1  
INTRODUCTION 
 
1. HOW STABLE ARE CRATONS? 
How and why cratons are reactivated and the expressions of potential surface-mantle 
interactions in these ancient rocks remain outstanding problems in continental dynamics. Cratons 
are recorders of deep-time and are traditionally considered regions of long-term thermal, 
tectonic, and erosional stability. The survival of cratons is traditionally attributed to the presence 
of a cold, thick, chemically depleted lithospheric mantle root (Jordan, 1978; Forte and Perry, 
2000; King, 2005). Geomorphic investigations of cratonic erosion rates support the notion of 
these regions as stable, emphasizing the longevity of their ancient landscapes (e.g., Stewart et al., 
1986; Twidale, 2000). Yet, many cratons show evidence for chemical, thermal, and mechanical 
rejuvenation at different levels in the lithospheric column. For example, some cratons are 
punctuated by mafic dike swarms (e.g., Hunter and Reid, 1987; LeCheminant and Heaman, 
1989; Srivastava, 2008), most cratonic lower crustal and mantle xenoliths record evidence of 
thermal and metasomatic modification (e.g., Davis, 1997; Farmer et al., 2005; Yang et al., 2010), 
and diamondiferous kimberlites are almost exclusively emplaced into cratonic lithosphere (e.g., 
Mitchell, 1986; Janse and Sheahan, 1995; Nixon, 1995; Russell et al., 2012). Some cratons are 
also dissected by younger tectonism (e.g., Foster et al., 2006; Kusky et al., 2007; Jones et al., 
2011). In addition, even cratonic regions that are isolated from plate boundary tectonism, like the 
interior of North America, have experienced repeated episodes of burial and unroofing, as 
recorded by thick sequences of Phanerozoic strata interspersed with widespread unconformities 
(e.g., Sloss, 1963), implying a dynamic vertical motion history superimposed on eustastic rise 
2
 and fall (Bond, 1978, 1979). Collectively, these observations contradict the view of cratons as 
immune to thermal, chemical, and mechanical changes through geologic time. 
Potential processes responsible for reactivation of cratons include, but are not limited to, 
asthenospheric upwelling and downwelling (e.g., King and Ritsema, 2000; Nyblade and Sleep, 
2003; Moucha et al., 2008), as well as lithospheric delamination (e.g., Conrad and Molnar, 1997; 
Zandt et al., 2004; Gutiérrez-Alonso et al., 2011; Levander et al., 2011). These mechanisms may 
induce dynamic topography, or topography that is supported by dynamic pressures and sub-
lithospheric deviatoric stresses associated with mantle flow (e.g., Hager et al., 1985). Dynamic 
topography is expressed over long (103 km) wavelengths and low (≤ 1km) amplitudes and has 
been invoked to explain the vertical motions of continental interiors (Mitrovica et al., 1989; 
Gurnis, 1993; Lithgow-Bertelloni and Gurnis, 1997; Pysklywec and Mitrovica, 1998; DiCaprio 
et al., 2009; Flowers et al., 2012; Zhang et al., 2012). Cratonic settings are the ideal locality to 
investigate these cryptic elevation changes because these regions are commonly isolated from 
plate margin tectonism (Flowers et al., 2012).  
Our understanding of the initial stabilization and subsequent modifications to the cratonic 
lithosphere is traditionally derived from a bottom-up approach centered around studies of lower 
crustal and mantle xenoliths entrained in kimberlite pipes (e.g., Menzies et al., 1993; Pearson et 
al., 1995; Kopylova and Russell, 2000; Hopp et al., 2008). Much less is known about how the 
surface of cratons evolves through time and how surface and mantle processes may be coupled. 
This dissertation provides chronologic constraints from both the surface and deep crustal 
perspectives of cratons. I apply a top-down approach involving apatite (U-Th)/He 
thermochronometry to unravel the dynamic Phanerozoic surface history of the Slave craton in 
the northwestern Canadian shield (Fig. 1) and evaluate connections with deep-seated mantle 
3
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 processes. I also use secondary ion mass spectrometry U-Pb geochronologic data from a mafic 
dike swarm in the Northern Madison Range, southwestern Montana (Fig. 1), to investigate the 
tectonometamorphic history of the northwestern Wyoming craton. Research related to both 
cratons takes advantage of emerging analytical techniques and also pushes the limits of what is 
possible with these methods. 
 
2. CHRONOLOGIC CONSTRAINTS ON CRATON REACTIVATION 
Constraining low amplitude phases of burial and unroofing across cratons is challenging 
because many cratonic regions, like the Canadian shield, presently lack sedimentary cover. 
Moreover, topography produced by changing mantle flow regimes is impermanent and the 
sedimentary record of such processes has low preservation potential (Burgess et al., 1997). Low 
temperature thermochronometry, specifically apatite (U-Th)/He (AHe) thermochronometry, 
allows access to portions of the surface history of cratons that may have been erased by erosion. 
The AHe technique is sensitive to temperatures on the order of ~30-90 °C, depending on the 
accumulation of radiation damage in the apatite crystal (Farley, 2000; Shuster et al., 2006; 
Flowers et al., 2009), and thus can effectively track the movement of rocks through the upper ~1-
3 km of the Earth’s crust. Prior application of the AHe method largely focused on active 
orogenic settings using samples acquired along a vertical transect to estimate exhumation and 
erosion rates (e.g., Foster et al., 1994; Stockli et al., 2000; Ehlers and Farley, 2003; Spotila, 
2005) and evolution of post-orogenic mountain ranges (e.g., Pazzaglia and Kelley, 1998; Reiners 
et al., 2003; Gibson et al., 2007). In addition, previous thermochronology studies of cratonic or 
slowly cooled terranes primarily involved apatite fission track (AFT) thermochronology (e.g., 
Crowley et al., 1986; Harman et al., 1998; Gleadow et al., 2002; Kohn et al., 2005), a method 
5
 with a temperature sensitivity of  ~60-120 °C (e.g., Gallagher et al., 1998). Coupled AFT and 
AHe investigations in cratons (Lorencak et al., 2004; Hendriks and Redfield, 2005; Söderlund et 
al., 2005; Green and Duddy, 2006; Danišík et al., 2008) have been problematic both because of 
previously inexplicable scatter in the AHe data and observed discrepancies between the datasets 
in which the AHe dates are paradoxically older than the AFT dates. 
 Recent advances in the AHe method have made it possible to understand AHe data 
scatter and successfully apply this technique to resolve cratonic thermal histories. For example, 
the recognition of the radiation damage influence on He diffusivity has shown that an apatite’s 
effective closure temperature is not fixed, but rather is a function of the effective U 
concentrations (or eU, which weights the relative decays of U and Th as [U] + 0.235 *[Th]). The 
accumulation of radiation damage from the decay of U and Th increases the apatite He 
retentivity and the elimination of damage reduces it (Shuster et al., 2006; Flowers et al., 2009). 
As a consequence, apatite grains with the same thermal history, but a range of eU concentrations 
develop a span of effective closure temperatures, yield different AHe dates, and may provide 
additional insight into the thermal history than apatites with uniform eU concentrations (Flowers 
et al., 2007; Flowers et al., 2009). For certain thermal histories, the radiation damage effect will 
be manifest as a positive correlation between AHe date and eU, as has been observed in AHe 
datasets from continental interiors (Flowers, 2009; Flowers and Kelley, 2011). Additional work 
has flushed out other causes of data dispersion including U-Th zonation (Farley, 2000), grain 
size (Reiners and Farley, 2001), radiogenic micro-inclusions (Fitzgerald et al., 2006), and 
heterogeneous He injection from neighboring grains (Spiegel et al., 2009). The recognition and 
even exploitation of these different factors makes it possible to successfully interpret AHe data 
acquired in cratonic settings. 
6
  Mafic dike swarms are ubiquitous in cratons. Geochronologic constraints from these 
swarms are vital for global correlations of mafic magmatism used in supercontinent 
reconstructions as well as for deciphering the record of regional tectonometamorphic activity in 
cratonic settings. Obtaining geochronologic information from mafic dikes is difficult because 
these lithologies commonly lack suitably sized phases like zircon or baddeleyite (≥ 20 µm) for 
U-Pb analysis. Because of these grain size limitations, traditional high-precision thermal 
ionization mass spectrometry and laser ablation inductively coupled plasma mass spectrometry 
(LA-ICPMS) techniques are not applicable. However, recent advances in the U-Pb secondary ion 
mass spectrometry (SIMS) method, including preferentially sampling secondary ions omitted 
from the interior few microns of the primary analysis pit have made it possible to date 
increasingly small zircon and baddeleyite crystals in situ (Chamberlain et al., 2010; Schmitt et 
al., 2010). This refined approach means that it is possible to obtain chronologic information for 
mafic dikes, even those previously considered undatable, with retention of the petrographic 
context. Timing constraints, when coupled with textural evidence of the zircon growth history 
and pressure-temperature information, can provide insight into the timing and possible 
geodynamic conditions of dike emplacement and regional tectonometamorphism in cratons. 
 
3. ANCIENT CORES OF CONTINENTS: THE SLAVE AND WYOMING CRATONS 
Cratons are characterized by relatively low surface heat flow (e.g., Pollack and Chapman, 
1977; Rudnick and Nyblade, 1999), chemically depleted lithospheric mantle (e.g., Boyd, 1989; 
Smith et al., 2009), and high seismic velocities to depths in excess of 200 km (e.g., Polet and 
Anderson, 1995; Ritsema and van Heijst, 2000; Frederiksen et al., 2001). These qualities 
conspire to create lithospheric mantle root (Jordan, 1978; King, 2005) that protects most cratons 
7
 from tectonism following stabilization. The research presented in this dissertation focuses on two 
Archean cratons: the Slave and Wyoming cratons. Although both cratons are composed of 
ancient rocks derived from ancient mantle reservoirs (e.g., Mogk et al., 1992; Frost, 1993; 
Bowring and Housh, 1995; Bowring and Williams, 1999), the surface expression of each craton 
differs markedly. 
The Slave craton is a classic Archean craton. It is composed of > 4.0-2.55 Ga crystalline 
basement exposed over ~210,000 km2 in the northwestern Canadian shield (Fig. 1; Bowring et 
al., 1989; Isachsen and Bowring, 1994; Bowring and Williams, 1999; Davis et al., 2003). The 
craton is underlain by a cold, chemically depleted mantle root to depths of 200-250 km (e.g., 
Griffin et al., 1999; Carbno and Canil, 2002; Kopylova and Caro, 2004) and has remained 
isolated from Phanerozoic tectonism (note, for example, the position of Cordilleran Front on Fig. 
1). The cratonic core is bounded by the Paleoproterozoic Wopmay orogen to the west (e.g., 
Bowring and Grotzinger, 1992; Hildebrand et al., 2010), the Taltson-Thelon orogen to the east 
and south (Hoffman, 1988), and overlain by younger Mesoproterozoic basin sequences to the 
north (Bowring and Ross, 1985). The 1.27 Ga Mackenzie Dyke swarm (LeCheminant and 
Heaman, 1989) and kimberlites of Neoproterozoic, Cambrian, Siluro-Ordovician, Permian, 
Jurassic, Cretaceous, and Eocene age intrude the Slave craton (e.g., Heaman et al., 2004). 
Although the craton is presently devoid of Phanerozoic cover, kimberlites contain Phanerozoic 
sedimentary xenoliths (e.g., Cookenboo et al., 1998), suggesting that the region was buried 
beneath sedimentary strata in the past. 
In contrast, the Wyoming craton is predominantly buried beneath Phanerozoic 
sedimentary rocks (Fig. 1). Middle and Late Archean crystalline basement is only exposed in 
thrust-bound Laramide-style uplifts (Fig. 1). The Wyoming craton lithosphere is thick (200-250 
8
 km), with a distinctive velocity structure (e.g., Henstock et al., 1998; Dueker et al., 2001; 
Burdick et al., 2010). The cratonic core is bounded by the Paleoproterozoic orogens including 
the Great Falls Tectonic Zone to the northwest (e.g., O'Neill and Lopez, 1985; Mueller et al., 
2002), the Cheyenne Belt to the southeast (e.g., Karlstrom and Houston, 1984), and southern 
extension of the Trans-Hudson orogen to the east (e.g., Dahl et al., 1999). Mafic dikes occur in 
all the basement-cored uplifts. These dike swarms exhibit varying degrees of deformation and 
metamorphism and swarm emplacement ages range from ca. 2.7 Ga to 780 Ma (Premo and Van 
Schmus, 1989; Premo et al., 1990; Cox et al., 2000; Harlan et al., 2003; Mueller et al., 2004; 
Harlan et al., 2005; Chamberlain et al., 2010). 
 
4. DISSERTATION OUTLINE 
Four subsequent chapters comprise the core this dissertation. Each chapter is presented as 
a stand-alone manuscript for journal publication, including associated tables, figures, references, 
and supplemental material. The results and interpretations enumerated in these four chapters are 
synthesized in Chapter 6 and potential directions of future research that complement past and 
current efforts are discussed. The dissertation also includes an extended appendix with additional 
U-Pb SIMS geochronologic data and preliminary data interpretations obtained from a second 
mafic dike from the central Northern Madison Range of the northwestern Wyoming craton. 
 Chapter 2 explores the viability of the AHe technique to quantify the timing, magnitude 
and spatial extent of burial and unroofing episodes of the Slave craton and adjacent Wopmay 
orogen. Cratonic basement samples yield mean dates from ~212-296 Ma. Individual apatite dates 
from within samples are broadly uniform of a range of apatite eU values. This study 
demonstrates the utility of exploiting the full range of apatite eU values to limit the permissible 
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 thermal histories that can explain the data. These data, when coupled with geologic and 
stratigraphic information, imply that the apatites experienced complete He loss in Devonian-
Pennsylvanian time. Consideration of modern and ancient geothermal gradients reveal a history 
characterized by burial beginning in the Cambrian, reaching peak burial depths of ≥ 3.3 km 
during the Devonian-Pennsylvanian, unroofing to near surface conditions in the Early 
Cretaceous, followed by an ancillary phase of reburial in the Cretaceous-Early Eocene. The 
broad uniformity of the AHe dates over this 250 km long transect suggests that the region 
responded to far-field, deep seated mantle activity possibly derived from plate boundary activity 
along the western and northern margins of Laurentia as a cohesive unit since at least ca. 250 Ma.  
 Chapter 3 evaluates potential role of U-Th zoning as a source for AHe data dispersion in 
cratonic apatites. AHe dates are conventionally calculated assuming homogeneous U-Th 
distribution. However, for zoned grains, incorrect application of a homogeneous alpha ejection 
correction factor, variable He concentration gradients, and differing intracrystalline He 
retentivity due to variable radiation damage may cause AHe dates for unzoned and zoned 
apatites to differ. This study considers the influence of thermal histories characteristic of cratons 
including slow cooling, prolonged residence in the He partial retention zone, and reheating due 
to reburial, where the impact of U-Th zonation is expected to be magnified. LA-ICPMS was 
used to acquire eU concentration maps and profiles for apatites from the Slave craton, Wopmay 
and Taltson-Thelon orogens, and Queen Maud Block of the adjacent Rae craton. All apatites are 
zoned in eU, but 80% of the apatites are characterized by modest eU zonation from core to rim. 
Most samples consist of apatites with very different and often opposing eU patterns. Thermal 
history simulation results for individual representative apatites as well as at the sample level 
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 demonstrate that in the vast majority of cases, eU zonation will not substantially influence AHe 
data scatter and successful interpretation of AHe dates. 
Chapter 4 builds on chapters 2 and 3 and presents one of the largest published cratonic 
AHe datasets from single cratonic region, the northwest Canadian shield. AHe dates range from 
~210 to 363 Ma and define a series of NNE-SSW age corridors, with older mean AHe dates in 
the eastern Slave craton and younger dates westward. The coherency of the data is used to not 
only confirm our understanding of radiation damage and U-Th zonation on cratonic AHe 
datasets, but also to resolve the history and causes of elevation change in this region.  Thermal 
history simulation results are similar to those obtained in Chapter 1. However, the results expand 
the spatial extent of Paleozoic reburial to depths in excess of 4.4 km and Cretaceous reburial to 
depths < 1.3 km and, importantly, demonstrate a pattern of Paleozoic-early Mesozoic unroofing 
that initiates in the central Slave craton and progresses west across the region. Prior study 
showed that the Paleozoic-Mesozoic history requires vertical motion of the craton and these new 
observations not only increase the spatial limits of this elevation history but also suggest 300-350 
m of regional post-100 Ma elevation gain. The transition from Paleozoic-Mesozoic subsidence to 
surface uplift may signal a shift from predominantly northern to western plate boundary controls 
on continental interior processes, with the Cretaceous-Early Tertiary history influenced by 
activity in the Canadian Cordillera. Dynamic topography, plate margin flexural effects, and 
relative proximity to sediment sources in associated with regions of high topography likely 
influenced the burial, erosion, and vertical motion history of the northwestern Canadian shield. 
The apparent absence of 450-175 Ma kimberlites may reflect emplacement during the Paleozoic-
Mesozoic burial phase and subsequent erosion of the pipes during unroofing. 
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  Chapter 5 uses a new analytical approach coupling automated mineralogical analysis and 
recent advances in SIMS U-Pb geochronology to locate and date in situ zircons as small as 5 µm 
within a granulite facies mafic dike in the Northern Madison Range of the northwestern 
Wyoming craton. Although traditional mineral separation techniques yielded negligible zircon, 
automated mineralogical searching rapidly identified > 375 sub-20 µm in a single thin section. A 
subset of zircon crystals were characterized in both back-scattered electron and 
cathodoluminescence and dated using modifications to the SIMS technique. U-Pb data define a 
discordia array. The upper intercept of 1753 ± 9 Ma is interpreted to reflect zircon growth during 
high-pressure granulite facies metamorphism (800°C, 1.2 GPa) associated with activity along the 
Great Falls Tectonic Zone. The lower intercept of 63 ± 8 Ma is attributable to the thermal pulse 
associated with emplacement of the nearby ca. 75 Ma Tobacco Root batholith. Percent 
discordance is linked with both textural setting and U concentration. The positive correlation 
between U concentration and percent discordance for zircons in the matrix and fractured host 
phases likely reflects radiation damage-enhanced Pb loss during a thermal pulse associated with 
the emplacement of the batholith. Zircons completely encapsulated within unfractured quartz 
yield the only concordant analyses despite elevated U concentrations suggesting textural shield 
of quartz from thermal resetting. This study highlights the utility of the combined automated 
mineralogy searching and SIMS approach for accessing chronologic information from previously 
undatable grains in situ, evaluate enigmatic U-Pb systematics, and gain insight into the 
Paleoproterozoic tectonometamorphic history of the northwestern Wyoming craton. 
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 ABSTRACT 
 Low temperature thermochronometry of cratonic regions can illuminate relationships 
among burial and unroofing patterns, surface subsidence and uplift, and lithosphere-
asthenosphere interactions. The Slave craton, initially stabilized by the development of a thick 
lithospheric mantle root in late Archean time, is an excellent location in which to examine these 
connections. Although the Slave craton currently lacks Phanerozoic cover, Phanerozoic 
sedimentary xenoliths entrained in ca. 610 to 45 Ma kimberlites indicate that the region 
underwent a more dynamic history of burial and unroofing than widely recognized. We report 
new apatite (U-Th)/He thermochronometry data along a southeast to northwest transect from the 
interior of the Slave craton into the adjacent Paleoproterozoic Wopmay orogen to resolve the 
region’s depositional and denudational history. Six samples from the western Slave craton and 
three samples from Wopmay orogen yield mean dates from 296 ± 41 Ma to 212 ± 39 Ma.  
Individual apatite dates are broadly uniform over a wide span of apatite [eU], and this pattern can 
be used to more tightly restrict the spectrum of viable temperature-time paths that can explain the 
dataset. When coupled with geologic and stratigraphic information, temperature-time simulations 
of the thermochronometry results suggest complete He loss from the apatites at minimum peak 
temperatures of ~88 °C in Devonian-Pennsylvanian time, cooling to near-surface conditions by 
the Early Cretaceous, followed by reheating to ≤ 72 °C during Cretaceous-Early Tertiary time. 
Consideration of modern and ancient geotherm constraints implies ≥ 3.3 km of burial during the 
first Phanerozoic heating phase, with an ancillary phase of reburial in late Mesozoic-Cenozoic 
time.  The uniformity of the apatite (U-Th)/He dates indicates that the rocks encompassed by our 
> 250 km-long sample transect experienced similar Phanerozoic thermal histories.  Despite the 
distinctly different lithospheric architecture on either side of the Paleoproterozoic suture between 
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 the Slave craton and Wopmay orogen, the region behaved as a single, broadly coherent cratonic 
unit since at least ca. 250 Ma.  The Phanerozoic burial and unroofing patterns across the craton 
may be a response to far-field convergent activity at the northern and western margins of North 
America and processes associated with episodic kimberlite emplacement.  
 
1. INTRODUCTION 
Cratons are stable and relatively resistant to disruption, largely attributable to their cold, 
thick, chemically depleted lithospheric mantle roots (Jordan, 1978).  Some cratonic regions, such 
as the interior of North America, have undergone repeated episodes of burial and unroofing as 
recorded by thick sequences of Phanerozoic strata interspersed with widespread unconformities 
(e.g., Sloss, 1963; Bond, 1978).  Phases of denudation and aggradation may reflect low 
amplitude, long wavelength vertical cratonic motions, superimposed on the record of eustatic sea 
level change. These patterns may suggest a more dynamic history of cratonic regions than 
commonly recognized, possibly linked with deep-seated mantle and far-field plate boundary 
processes.  For example, dynamic topography, or vertical displacement of the earth’s surface by 
up to several kilometers in response to mantle flow, has been invoked to explain low amplitude 
subsidence and uplift in some continental interiors (e.g., Mitrovica et al., 1989; Gurnis, 1993; 
Burgess et al., 1997; Pysklywec and Mitrovica, 1998, 2000).  Most cratons are pierced by 
kimberlites and mafic dike swarms that were emplaced following craton stabilization, and reflect 
younger thermal and mechanical disruptions to the cratonic lithosphere that may be linked with 
burial and unroofing patterns at the surface. The discrete lithotectonic blocks of variable age and 
architecture that make up cratons could respond differently to these younger perturbations, 
manifested as differing depositional and erosional histories across a cratonic region. 
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 The Archean Slave craton and adjacent Paleoproterozoic Wopmay orogen in the 
northwestern Canadian shield together present an excellent location in which to address these 
issues (Fig. 1).  The Canadian shield is a vast cratonic region consisting of a collage of Archean 
cratons that were amalgamated in the Paleoproterozoic.  The “Slave craton” is an Archean craton 
that was assimilated into the Canadian shield; “Wopmay orogen” is a Paleoproterozoic orogenic 
belt that was active in the assembly of the Canadian shield and ultimately became part of the 
larger cratonic region.  The Slave craton has been extensively studied and was repeatedly 
disrupted by kimberlites in Phanerozoic time (e.g., Heaman et al., 2003). Although the craton 
currently lacks Phanerozoic cover, some kimberlites contain sedimentary xenoliths that record 
snapshots of the extent and, in some cases, the thicknesses of Phanerozoic strata across the 
region. We acquired apatite (U-Th)/He thermochronometry data along a southeast to northwest 
transect extending over 250 km from the interior of the Slave craton into the adjacent Wopmay 
orogen to more fully constrain the magnitude, extent, and timing of past burial and unroofing 
episodes, and to assess whether differential unroofing occurred across the Slave-Wopmay 
lithospheric boundary.  If lithospheric architecture exerts a fundamental control on the 
lithospheric response to younger thermal and mechanical perturbations, then this would predict 
contrasts between the low temperature histories of Archean and Proterozoic terranes that were 
affected by such perturbations.  We incorporate our thermochronological data with numerous 
geologic and stratigraphic constraints to decipher the burial and unroofing history of the 
northwestern Canadian shield.  These results allow a preliminary assessment of potential 
relationships among phases of cratonic sedimentation and denudation, plate margin tectonism, 
and kimberlite generation and emplacement in the region. 
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Figure 1.  (A) Simplified geologic map of the Slave Craton, adjacent Paleoproterozoic orogens, and Phanerozoic 
cover with kimberlite localities (diamonds) and location of geologic constraints (numbers).  Phanerozoic strata: 
Cambrian-Silurian (C-S), Devonian (D), Cretaceous (K). Inset shows the location of study area within North 
America.  Black box denotes location of (B).  (B) Location of samples and corresponding apatite (U-Th)/He date.  
Data reported as mean and standard deviation of the mean.
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 2. GEOLOGIC SETTING 
 The Slave craton is a ~210,000 km2 region of >4.0-2.55Ga N-NE striking tonalitic 
gneisses, plutonic and metavolcanic rocks, and metaturbidites (Fig. 1A; Isachsen and Bowring, 
1994; Bowring and Williams, 1999; Davis et al., 2003).  The craton is bounded by Proterozoic 
orogenic belts to the east, south, and west, and covered by younger (ca. 1.66 Ga) basinal 
sequences to the north (Bowring and Ross, 1985). Within the central Slave craton, Nd and Pb 
isotopic studies have been used to infer a north-south trending boundary between Mesoarchean 
basement in the west and Neoarchean basement in the east (Davis and Hegner, 1992; Thorpe et 
al., 1992).  However, the orientation of early deformational structures, distribution of ca. 2.63-
2.62 Ga plutonic rocks, mantle xenolith petrology and geochemistry, and teleseismic anisotropy 
data collectively highlight a northeasterly grain to the Slave’s crust and mantle lithosphere 
(Padgham, 1992; Davis et al., 2003).  The Slave craton contains kimberlite fields of Eocene, 
Cretaceous, Jurassic, Permian, Siluro-Ordovician, Cambrian, and Neoproterozoic age (Fig. 1A; 
e.g., Heaman et al., 2003).  In addition to mantle xenoliths, these kimberlites also contain 
abundant sedimentary xenoliths that commonly include diverse micro- and macro- flora and 
fauna (e.g. Cookenboo et al., 1998).  
 The north-trending Paleoproterozoic Wopmay orogen (>1.95-1.84 Ga) bounds the 
western margin of the craton and includes three major tectonic elements: the Coronation Margin, 
the Hottah terrane, and the Great Bear Magmatic Zone (Fig. 1A; e.g., Bowring and Grotzinger, 
1992).  The Coronation Margin contains rift-related volcanics and sedimentary rocks overlying 
the Archean rocks of the Slave craton, which in turn are covered by siliciclastics and carbonates 
of a west-facing passive continental margin (Hoffman and Bowring, 1984).  Coronation Margin 
rocks were drawn into a collision with the Hottah terrane and thrust eastward onto the craton 
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 during the ca. 1.89 Ga Calderian orogeny (Hoffman and Bowring, 1984; Bowring and 
Grotzinger, 1992). The ca. 2.0-2.4 Ga Hottah terrane, best exposed along the western side of the 
orogen, is characterized by amphibolite facies sedimentary and igneous rocks overlain by ca. 1.9 
Ga basaltic to intermediate composition volcanic rocks and is inferred to extend eastward 
beneath rocks of the overlying Great Bear Magmatic Zone (Fig. 1A; Hildebrand et al., 1987; 
Bowring and Grotzinger, 1992). The Great Bear Magmatic Zone is a continental arc system 
(Bowring and Grotzinger, 1992) consisting of 1.88-1.84 calc-alkaline volcanic and plutonic 
rocks (Hildebrand et al., 1987). Rocks of the Great Bear Magmatic Zone unconformably overlie 
both the western edge of the Slave craton and its allochthonous cover in the east and Hottah 
terrane to the west and bury the inferred suture between the two (Hildebrand et al., 1987).  
 The Slave craton and most of Wopmay orogen currently lack Phanerozoic cover.  
However, Phanerozoic strata of the Western Canada Sedimentary Basin (WCSB) unconformably 
overlie the southwestern margin of the craton and adjacent orogen (Fig. 1A).  The stratigraphy, 
structure, and subsidence history of the WCSB have been extensively studied, largely due to its 
extensive oil and gas resources (e.g., Mossop and Shetson, 1994).  The WCSB is a 
northeastward-tapering wedge of supracrustal rocks that thickens to ~5 km at the northeastern 
margin of the Canadian Cordilleran (Wright et al., 1994). Two main stages of development of the 
WCSB are distinguished by a change in provenance of the clastic sediment preserved in the 
basin (e.g., Bally et al., 1966). First, during a Late Proterozoic to Late Jurassic miogeocline-
platform stage linked to continental rifting and the creation of a west-facing passive continental 
margin, the primary external source of sediment was from the north and east on the craton 
(Porter et al., 1982; Patchett et al., 1999). Second, during a Late Jurassic to Early Eocene 
foreland basin stage, the main source of sediment was to the southwest in the emerging 
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 Cordilleran mountain belt (Monger and Price, 1979). Aspects of the preserved Phanerozoic 
sedimentary rocks in the WCSB, including thicknesses and basin-wide unconformities pertinent 
to elucidating the phases of aggradation and denudation across the Slave craton, are discussed in 
detail in the following section. 
 
3. COMPILATION OF GEOLOGIC CONSTRAINTS ON THE BURIAL AND 
UNROOFING HISTORY OF THE SLAVE CRATON 
 Geologic constraints on the burial and unroofing history of the western and central Slave 
craton and Wopmay orogen are numerous.  Fourteen key constraints are summarized in Table 1, 
their locations are marked in Figure 1A, and location numbers are noted in the text below. Five 
of these bear on the depth of the present day erosion surface during Proterozoic time.  First, 
40Ar/39Ar biotite dates from Archean plutonic rocks of the Yellowknife domain indicate that the 
Archean basement cooled through ~300 °C between ~2.55-2.38 Ga (Fig. 1A, location 1; Bethune 
et al., 1999).  Second, beginning ca. 2.02 Ga, sedimentary rocks of a west-facing passive margin 
were deposited along the western edge of the craton. Passive margin subsidence was 
synchronous with the development of a foreland basin, the Kilohigok basin (Fig. 1A, location 2), 
along the eastern margin of the craton related to convergence along the Talston-Thelon orogen 
(Bowring and Grotzinger, 1992).  At present, up to 15 km of sedimentary rocks associated with 
the passive margin and foreland basin are preserved (Bowring and Grotzinger, 1992), suggesting 
that nearby cratonic regions may have been buried by some lesser thickness of these strata.  
Third, K-Ar biotite dates from the Great Bear Magmatic Zone indicate that the region cooled 
through ~300 °C ca. 1.7 Ga (Fig. 1A, location 3; e.g., Lowden, 1961; Stockwell et al., 1970).  
Fourth,  ~1.74-1.66 Ga sedimentary rocks of the Hornby Bay Group unconformably overlie both 
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Table 1.  Summary of geologic constraints on the burial and unroofing history of the Slave craton 
No. a 
Timing 
(Ma) 
W,C b Constraints Reference(s) 
1 ~2550-2380 C Cooling of Slave basement through ~300 °C based on Bethune et al., 1999 
   40Ar/39Ar dates for biotite from Archean plutonic rocks.  
     
2 1970-1880 W, C Wopmay passive margin and Kilohigok basin. ~ 5-15 km Bowring and Grotzinger, 
   of strata nonconformably overlie basement. 1992 
     
3 ~1700 Ma W Cooling of Great Bear Magmatic Zone rocks through  Lowden, 1961, Stockwell 
   ~300 °C based on K-Ar biotite dates. et al., 1970 
     
4 ~1660 Ma W Hornby Bay Group unconformably overlies rocks of  Bowring and Ross, 1985 
   Slave craton and Great Bear Magmatic Zone.  
     
5 1270 W, C Mackenzie Dykes. Field relationships w/ Coppermine Barager et al., 1996 
   basalt flows used to infer emplacement at 8.5 km depth  
   Acasta region.  
     
6 ~542 W Cambrian strata nonconformably overlie basement rocks  Wheeler et al., 1996 
   along W margins of Hottah terrane, Great Bear Magmatic   
   Zone, and Slave craton.  
     
7 ~542-415 W Cambrian-Silurian strata in WCSB are ~1.5 km thick. Hamblin, 1990 
   3 unconformities occur in section.  
     
8 450 C Cross diatreme (450.4 ± 2.2 Ma) eruption contains  Pell, 1996; Heaman et 
   Cambrian-Silurian xenoliths. al., 2003 
     
9 ~415-355 W Devonian strata preserved in WCSB ~ 200 km to W are 1- Stott, 1991 
   2 km thick.  
     
10 ~385-370 C Mid-Devonian xenoliths in Jericho kimberlite (173.1 ± 1.3  Pell, 1997; Cookenboo et 
   Ma). Minimum 750 m of cover estimated from stylolites  al., 1998; Heaman et al., 
   in limestone xenoliths. 2002 
     
11 ~145 W Early Cretaceous strata unconformably overlie Cambrian Wheeler et al., 1996 
   sedimentary rocks.  
     
12 115-90 C Late Cretaceous xenoliths in Lac de Gras kimberlite field  Nassichuk and McIntyre, 
   (75-45 Ma). Up to 1.4 km of Cretaceous strata estimated  1995; Stasiuk et al., 2006 
   from thermal maturation studies and vitrinite reflectance   
   data.   
     
13 55-45 C Early Tertiary xenoliths in Lac de Gras kimberlite field.  Sweet et al., 2003; Stasiuk  
   Thermal maturation studies suggest 200-500m burial 
depths. 
et al., 2006 
     
14 75-0 C Crater facies Lac de Gras kimberlite pipes suggest limited 
erosion since emplacement.  
Power and Rockel, 2004 
a Reference number corresponding to location of geologic constraint in Figure 1.  b Approximate location of geologic 
constraint, i.e., western Slave craton and environs (W) or central/eastern Slave craton (C). 
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 rocks of the Slave craton and Great Bear Magmatic Zone, indicating that Great Bear rocks were 
at near surface conditions by ca. 1.66 Ga (Fig. 1A, location 4; Bowring and Ross, 1985). Fifth, 
emplacement depth estimates of the ca. 1.27 Ga Mackenzie Dyke Swarm (LeCheminant and 
Heaman, 1989) are ~8.5 km in the western Slave craton in the vicinity of our sample transect 
near Takijuq Lake (Fig. 1A, location 5; Barager et al., 1996), suggesting that ~8.5 km of 
unroofing occurred here since 1.27 Ga. 
 Five constraints on the Paleozoic history are derived from regional unconformities and 
preserved thicknesses of Paleozoic strata in the WCSB and sedimentary xenoliths from 
kimberlites in the southwestern and north-central Slave craton. Cambrian sedimentary rocks 
unconformably overlie rocks of the Slave Craton, Great Bear Magmatic Zone, and Hottah terrane 
indicating exposure of the basement at the beginning of Cambrian time (Fig. 1A, location 6). In 
the Colville Hills and Great Bear Basin of the northern WCSB west of the Hottah terrane, 
preserved Cambrian, Ordovician, and Silurian strata are approximately 550 m, 600 m, and 400 m 
thick, respectively (Fig. 1A, location 7; Hamblin, 1990).  Cambrian through Silurian xenoliths 
are reported from the 450.4 ± 2.2 Ma Cross diatreme (Fig. 1A, location 8; Pell, 1996; Heaman et 
al., 2003) as well as from four other kimberlites in the central Slave craton, suggesting that strata 
older than 450 Ma previously extended across this region (Fig. 1A, location 8). Thick sequences 
of Devonian strata up to 2 km thick are preserved in the northern WCSB (Fig. 1A, location 9; 
Stott, 1991).  Limestone xenoliths, containing primarily ca. 385-375 Ma conodant suites 
(Cookenboo et al., 1998) are found in the 173.1 ± 1.3 Ma Jericho kimberlite (Heaman et al., 
2002) located in the north-central Slave craton (Fig. 1A, location 10).  The abundance of 
stylolites in the Devonian limestone xenoliths was used to infer that at least 750 m of 
sedimentary cover was present prior to kimberlite emplacement (Cookenboo et al., 1998). 
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  Four constraints on the Mesozoic and Cenozoic history are based on regional 
unconformities and sedimentary xenoliths entrained in central Slave craton kimberlite pipes. A 
thin veneer (~100-200 m) of Early Cretaceous strata (Dixon, 1995) unconformably overlies 
Cambrian sedimentary rocks < 20 km to the west-northwest of the Hottah terrane (Fig. 1A, 
location 11; Wheeler et al., 1996), suggesting that basement rocks were at near surface 
conditions ca. 145 Ma. Kimberlites in the Lac de Gras field (Fig. 1A, locations 12-14) contain 
Cretaceous (~100-105 Ma) and Eocene (~45-56 Ma) sedimentary rocks (Nassichuk and 
McIntyre, 1995; Sweet et al., 2003).  Thermal maturation studies and vitrinite reflectance data on 
mudstone xenoliths suggest that the Cretaceous sedimentary rocks were buried to depths up to 
1.4 km (Stasiuk et al., 2006).  The Eocene sedimentary rocks are inferred to record considerably 
less burial (~200-500 m), suggesting that significant erosion occurred between ~90-75 Ma 
(Sweet et al., 2003; Stasiuk et al., 2006).  In addition, most kimberlite pipes from the Lac de Gras 
field are crater facies (Power and Rockel, 2004), consistent with limited erosion since kimberlite 
emplacement. 
 
4. APATITE (U-Th)/He THERMOCHRONOMETRY 
 Apatite (U-Th)/He thermochronometry is conventionally assumed to be sensitive to 
temperatures from ~70 to 30 ºC (Farley, 2000). Recent studies demonstrated that the 
accumulation of radiation damage increases the apatite He retentivity, and that the elimination of 
damage reduces it (Shuster et al., 2006; Shuster and Farley, 2009). With sufficient time at the 
low temperatures required for radiation damage accumulation, an apatite with higher [eU] 
(effective U concentration, which weights the contributions of U and Th by their He productivity 
as [U] + 0.235 * [Th]), will accumulate more radiation damage and develop a higher He 
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 retentivity than an apatite with lower [eU].  Thus, apatite suites characterized by a span of [eU] 
may develop a range of closure temperatures.  For some thermal histories, the radiation damage 
effect will be manifested as a positive correlation between apatite date and apatite [eU] (Flowers 
et al., 2007; Flowers, 2009; Flowers et al., in press). The new radiation damage accumulation 
and annealing model accounts for the evolution of He diffusivity during the buildup and 
annealing of radiation damage (Flowers et al., in press). This model uses fission-track density as 
the proxy for radiation damage, because the thermal conditions required for influencing He 
diffusivity in apatite correspond to the annealing conditions for fission-track damage (Shuster 
and Farley, 2009). 
We acquired (U-Th)/He dates for 44 individual apatite grains from a suite of nine 
samples along a southeast to northwest transect across the major lithospheric boundary between 
the western Slave craton and Wopmay orogen (Fig. 1A, B).  The transect includes Archean 
samples from Point Lake and the Acasta gneiss complex in the western Slave craton, and 
Paleoproterozoic samples from the Hottah terrane and the Great Bear Magmatic Zone. Single 
crystals of apatite were selected based on morphology, clarity, and lack of inclusions using a 
binocular microscope with crossed polars. All apatite fractions were analyzed for U, Th, and He 
at the California Institute of Technology. The alpha-ejection correction of (Farley et al., 1996) 
was applied to all crystals.  Analytical results are reported in Table 2 and analytical methods are 
described in the data repository. Analytical uncertainties for individual analyses based on the 
propagated error from the U, Th, and He analyses are listed in Table 2.  Sample results are 
reported as the sample mean and the sample standard deviation (Fig. 1B).  
Slave craton samples from Point Lake (PL54, 96PL16, 92PL7a) and the Acasta gneiss 
complex (SAB91-7, SP88-405, and SB91-37) yielded mean dates from 242 ± 23 Ma to 296 ± 41 
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Table 2. Apatite (U-Th)/He data from Slave craton-Great Bear Magmatic Zone-Hottah transect 
  mass ra lb U Th [eU] 4He Ftc Raw Date Corr Date Errord 
  (μg) (μm) (μm) (ppm) (ppm)  (ppm) (nmol/g)   (Ma) (Ma) (Ma) 
PL54, Point Lake granitoid          
a1 2.2 42 157 27.6 68.6 43.8 49.4 0.67 205 305 21 
a2 1.6 37 147 38.5 79.4 57.1 65.0 0.63 206 324 25 
a3 1.7 38 154 9.8 21.8 14.9 11.5 0.64 140 218 47 
a4 5.0 62 245 20.8 52.4 33.1 45.5 0.77 248 321 24 
a5 4.4 58 243 18.8 45.6 29.5 35.3 0.76 216 284 24 
a6 0.9 35 93 57.2 125.5 86.7 90.0 0.58 188 321 21 
96PL16, Point Lake granitoid          
a2 3.5 39 203 41.5 16.2 45.4 45.2 0.68 179 259 8 
a3 3.5 45 170 45.9 20.4 50.7 56.2 0.71 200 277 8 
a4 1.6 36 173 14.2 9.3 16.4 13.8 0.66 152 229 7 
a5 1.7 38 164 52.2 29.3 59.1 57.7 0.67 176 259 8 
92PL7a, Point Lake granitoid          
a1 1.8 45 120 11.2 4.7 12.3 10.2 0.70 148 208 7 
a2 1.2 31 145 32.5 20.8 37.4 34.3 0.61 165 266 9 
a3 1.4 36 133 42.4 5.2 43.6 41.1 0.66 169 255 8 
a4 1.8 37 143 39.4 15.7 43.0 40.0 0.66 167 250 8 
a5 1.1 34 123 42.5 7.1 44.2 36.1 0.63 147 230 8 
SAB91-7, Acasta gneiss complex granite        
a1 7.3 73 170 7.3 1.9 7.8 7.8 0.79 181 228 11 
a2 6.3 68 170 19.9 1.0 20.1 21.8 0.78 195 250 12 
a3 8.1 73 190 13.8 4.1 14.7 18.3 0.79 224 280 12 
a4 11.7 77 247 33.7 2.6 34.3 43.4 0.81 227 278 11 
a5 6.1 63 190 26.4 3.3 27.2 33.0 0.77 218 280 12 
a6 3.8 56 152 16.5 0.9 16.7 15.6 0.74 169 228 12 
SP88-405, Acasta gneiss complex granite        
a1 1.9 38 242 52.1 11.1 54.7 52.3 0.68 173 253 13 
a2 1.9 37 263 55.1 12.7 58.1 58.6 0.67 182 271 12 
a3 2.6 46 155 21.2 1.5 21.5 17.8 0.70 149 212 11 
a4 2.5 46 145 35.1 6.2 36.5 41.0 0.70 202 287 14 
a5 1.0 29 146 63.8 17.5 67.9 64.4 0.57 171 297 18 
SB91-37, Acasta gneiss          
a1 5.8 66 164 3.8 0.4 3.9 3.1 0.77 146 188 15 
a2 5.3 49 275 38.0 13.0 41.1 48.1 0.74 211 284 12 
a3 2.8 45 173 28.2 10.5 30.7 33.7 0.70 198 281 14 
a4 2.7 45 163 21.2 1.5 21.5 19.0 0.70 159 226 12 
a5 2.3 43 155 43.0 17.5 47.1 61.3 0.68 234 337 15 
HWA86-19, Great Bear Magmatic Zone granite        
a1 5.2 60 228 27.1 128.5 57.3 56.0 0.75 178 235 10 
a2 2.9 51 176 20.1 125.8 49.7 47.0 0.71 172 243 11 
a3 3.4 57 130 7.5 31.6 15.0 13.3 0.71 162 226 14 
a4 2.3 47 146 19.9 73.1 37.1 26.8 0.68 132 193 10 
a5 2.4 47 149 26.3 70.8 43.0 42.2 0.69 179 258 13 
HWA89-22, Great Bear Magmatic Zone granite        
a1 1.0 31 119 11.0 3.6 11.9 7.9 0.61 119 193 7 
a2 1.0 30 135 47.1 9.6 49.3 42.9 0.60 157 256 9 
a3 0.5 36 95 16.1 6.5 17.6 11.8 0.64 120 186 7 
HWA90, Hottah terrane granitoid         
a1 4.9 50 243 5.1 0.0 5.1 5.5 0.74 195 261 16 
a2 4.6 52 215 7.6 0.2 7.6 6.3 0.74 151 203 12 
a3 3.7 49 291 8.5 0.0 8.5 8.9 0.74 193 258 15 
a4 4.3 51 205 6.4 2.6 7.0 5.7 0.73 148 201 17 
a5 5.1 56 203 5.0 1.3 5.3 5.1 0.75 175 231 25 
            
a r – radius. b l – length. c Ft – alpha ejection correction of Farley et al., 1996.  d Error – 1 propagated error from the 
analytical uncertainties on U, Th, and He analyses and grain-length measurement uncertainties. 
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 Ma.  Samples from the Great Bear Magmatic Zone (HWA89-22, HWA86-19) and Hottah terrane 
(HWA90) yielded mean dates from 212 ± 39 Ma to 231 ± 29 Ma.  Apatites from the Slave craton 
show a weak, statistically insignificant, positive correlation between apatite (U-Th)/He date and 
apatite [eU] (Fig. 2A).  This trend is not obvious in the data from the Great Bear Magmatic Zone 
and Hottah samples (Fig. 2B). 
 
5. DISCUSSION 
5.1 Low temperature history of the northwestern Canadian shield  
The geologic constraints (Table 1) suggest that the dominant phase of Phanerozoic burial 
of the Slave craton and Wopmay orogen occurred between Cambrian and Jurassic time, with an 
ancillary phase of burial in the Cretaceous and Early Tertiary. We integrate this information with 
our new apatite (U-Th)/He data (Table 2) to further decipher the details of this history. 
Specifically, the data can better resolve: 1) the minimum peak temperature and associated burial 
depth during the Paleozoic-Mesozoic, 2) the time that Phanerozoic peak temperatures were 
attained, and 3) the magnitude of reheating and reburial in Cretaceous-Early Tertiary time. 
For the thermal history simulations described below, we used the geologic constraints 
(Table 1) to define viable bounds on the thermal history (Fig. 3).  Temperatures computed from 
depth estimates reflect the range of likely geothermal gradients, from 15-25 °C/km, and assume a 
mean surface temperature of 5 °C. Our thermal history simulations begin at 1270 Ma, when the 
geological constraints indicate that the rocks were at depths too great for retention of radiation 
damage or He. The time interval between 1270 Ma and the onset of reburial in Cambrian time 
must be included in the simulations, because any radiation damage accumulated in the 
Proterozoic would increase the apatite He retentivity and potentially increase the minimum 
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Figure 2. Individual apatite (U-Th)/He dates versus apatite [eU] for samples from the (A) Slave craton and (B) 
Wopmay orogen.  Errors are plotted at 2σ, propagated from the analytical uncertainties on the U, Th, and He 
measurements and grain-length measurements.
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 simulated Phanerozoic peak temperatures. We apply a maximum temperature of 140 ºC in 
Phanerozoic time.  This temperature would be equivalent to a 5.4 km maximum burial depth 
assuming a geotherm as high as 25 °C/km, greater than the preserved sedimentary rock 
thicknesses of ~3.5 km in the northern WCSB.  We consider this a reasonable initial maximum 
temperature estimate, but note that, at present, the only solid upper bound on Phanerozoic 
temperatures are imposed by K-Ar biotite dates that indicate cooling of the basement through 
~300 ºC at ca. 1.7 Ga (Table 1, constraint #3).  Our maximum temperature assumption does not 
greatly impact our thermal history interpretations, as described further below. We used the new 
radiation damage accumulation and annealing model (Flowers et al., in press), and posed 10,000 
candidate temperature-time paths using the inverse modeling capabilities of HeFTy for all 
thermal history simulations (Ketcham, 2005).  Temperature-time paths that generated statistically 
significant fits to the data are considered viable.  Details of the inverse modeling and statistically 
significant data fits are described by Ketcham (2005).   
For the Slave craton simulations, we grouped the three samples from the Acasta gneiss 
complex together to exploit a wider [eU] range (8-70 ppm) than would be provided by any single 
sample (Fig. 2A). We subdivided the Acasta apatites into three groups with [eU] values <25 
ppm, 25-50 ppm, and >50 ppm, determined the mean U and Th concentrations and mean (U-
Th)/He date for each group, and used these values in the thermal history simulations. The 
simulation results are shown in Figure 3A as temperature-time constraint points, and on Figure 
3B as the individual temperature-time histories, and include paths that generated both “good” 
and “acceptable” fits to the data.  References to temperatures below are based on the “good” fit 
results.  Apatites from the three Point Lake samples further east have an [eU] span and range of 
dates comparable to the Acasta samples, such that the thermal history results would be similar. 
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 We also simulated a single Acasta sample (SAB 91-7) with a more limited [eU] range from 8-44 
ppm (Fig. S1).  These results are consistent with the simulations that include all three Acasta 
samples, but do not limit the range of feasible thermal histories as tightly owing to the more 
restricted [eU] span, as discussed further in the next section.  Samples from Wopmay orogen 
yield slightly younger dates than those from the Slave craton, but overall the results of thermal 
history simulations are similar (Fig. S2). Details of the input parameters for all simulations are 
described in the supplementary material.  
 Our inverse modeling simulations place three important new constraints on the thermal 
history of the Slave craton.  First, the data appear to require thermal histories that attained 
minimum peak temperatures of ~88 °C in Paleozoic-Mesozoic time, the minimum peak 
temperature sufficient to cause complete He loss from the Acasta apatites (Fig. 3A). Total loss of 
He could be induced by any temperature ≥ 88 °C, so we cannot use the (U-Th)/He data alone to 
determine the maximum temperature during this reheating phase. Thus, it is permissible that the 
temperature was higher than the 140 ºC upper temperature bound imposed for that time interval, 
but it must be less that the 300 ºC imposed by K-Ar biotite constraints.  Complete He loss also 
erased any direct record of the earlier Precambrian history in the (U-Th)/He dataset. Second, the 
results restrict the timing of peak temperature attainment to between Devonian and 
Carboniferous Pennsylvanian time, with the subsequent onset of cooling by ca. 300 Ma.  Third, 
our simulations suggest that peak Cretaceous-Early Tertiary temperatures did not exceed 72 °C 
(Fig. 3A), consistent with the geologic evidence from sedimentary xenoliths in kimberlites 
suggesting burial temperatures on the order of 55-60 °C during this time interval (Table 1; Sweet 
et al., 2003; Stasiuk et al., 2006).  
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Figure 3.  Thermal histories predicted by the inverse modeling simulations for the Acasta gneiss samples 
(SAB91-7, SP88-405, and SAB91-37).  Black rectangles represent the imposed temperature-time constraint 
domains based on the geologic information. (A) Constraint points, the local temperature maxima in each desig-
nated domain, are illustrated for good (dark gray points) and acceptable (light gray points) thermal histories that fit 
the data. The bold black line depicts the “best fit” thermal history. (B) Enlargement of the Phanerozoic thermal 
histories. The histories are depicted as individual temperature-time paths, and include acceptable (light gray lines) 
and good (dark gray lines) fits to the data. These simulation results indicate reheating beginning in the Cambrian 
and peaking between the Devonian-Pennsylvanian, followed by unroofing to near-surface conditions by earliest 
Cretaceous time, with lesser reburial in the Cretaceous-Early Tertiary.  Timing of major unconformities and 
kimberlite/clusters of kimberlite eruptions, including the Victoria Island, Jericho, and Hardy Lake/Lac de Gras 
fields, are also shown. Refer to the text for additional explanation.
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 5.2 The presence and absence of correlations between (U-Th)/He date and [eU] 
(U-Th)/He datasets consisting of apatites characterized by a broad span of [eU] rather 
than a single eU value can be used to more tightly restrict the spectrum of possible thermal 
histories both when date-[eU] correlations are present (e.g., Flowers et al., 2007) and when dates 
are uniform regardless of [eU] as in our Slave dataset. This relationship is true because the 
apatite suite with a span of [eU] values has the potential to develop a span of He retentivities and 
will be sensitive to a broader temperature range than an apatite suite with a single [eU] value.  
We give two examples using the Slave data that highlight how the absence of a date-eU 
correlation over a broad [eU] span can be useful in limiting the thermal history.  First, Figure 4 
shows the results of thermal history simulations for the Acasta samples that both exploit the full 
[eU] spectrum (dark gray shading, good-fit field of solutions), and utilize only a single 
intermediate [eU] value (lighter gray shading, good-fit field of solutions). Using the full [eU] 
range predicts thermal histories consistent with those predicted using a single [eU] value, but 
significantly restricts the spectrum of viable paths that can account for the data in three important 
ways: 1) by increasing the minimum peak temperature in Paleozoic time from 38 to 88 °C, 2) by 
limiting the attainment of peak temperature to a significantly shorter time interval (Devonian to 
Pennsylvanian, rather than Devonian to Jurassic), and 3) by reducing the maximum temperature 
in Cretaceous-Early Tertiary time from 100 to 72 °C.  
Second, we compare the absence of a date-[eU] correlation in the Slave dataset with its 
presence in (U-Th)/He data (Flowers, 2009) from the East Lake Athabasca region of the western 
Churchill Province, ~800 km southeast of the Slave sample transect (Figure 5A). The broad 
uniformity of apatite (U-Th)/He dates from the western Slave craton and Wopmay orogen 
supports complete He loss from the apatites between Devonian and Jurassic time.  In contrast, 
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Figure 5.  (A) Individual apatite (U-Th)/He dates as a function of apatite [eU] for sample SAB91-7 from the 
Slave craton (black circles) and samples 02-97 and 02-108B from the East Athabasca region (gray diamonds; 
Flowers, 2009).  Analytical errors are plotted at 2σ, propagated from the U, Th, and He measurement uncertain-
ties and grain-length measurement uncertainties.  Black and gray lines show the predicted date-[eU] correlations 
for the hypothetical thermal histories in (B) for the Slave craton and East Athabasca samples, respectively.  (B) 
Hypothetical temperature-time histories for the Slave craton and East Athabasca samples. The thermal histories 
satisfy the geologic constraints from both sample localities, and are identical except for the magnitude of 
Phanerozoic reheating.  
42
 the data from the East Lake Athabasca region are consistent with partial resetting of the apatites 
during this same time interval (Flowers, 2009). Figure 5 illustrates how identical thermal 
histories, differing only in the peak temperature in mid-Paleozoic time, can reproduce both the 
Slave craton and East Lake Athabasca data. Note that these temperature-time paths are 
hypothetical and are not necessarily our favored histories to explain the two datasets. Burial and 
reheating to temperatures hot enough to cause complete He loss from all the apatites (Fig. 5B, 
black line), including those characterized by the highest He retentivity, will induce a broadly 
uniform distribution of dates like those in the Slave dataset (Fig. 5A, black line). In contrast, 
reheating to lower temperatures that cause only partial He loss from the apatites can generate a 
correlation between (U-Th)/He date and [eU] like that in the East Lake Athabasca dataset (Fig. 
5A, B, gray lines; Flowers, 2009).  In this situation, apatites with lower [eU] characterized by 
less radiation damage and lower He retentivity undergo greater He loss and yield younger dates 
than higher [eU] apatites with greater radiation damage and higher He retentivity. Thus, the (U-
Th)/He results for the Slave craton can be explained by a thermal history similar to that for the 
East Lake Athabasca region, differing only by higher reheating temperatures required to cause 
complete (rather than partial) resetting of the apatites in Paleozoic-Mesozoic time (Figure 5).   
 
5.3 Phanerozoic burial and unroofing history of the northwestern Canadian shield  
Numerous heat flow estimates for the Slave craton and Wopmay orogen, based on 
surface heat flow measurements and geothermobarometry of mantle xenoliths from kimberlites, 
provide constraints on modern and paleo-geothermal gradients that allow us to convert our 
inferred thermal histories to burial and unroofing histories.  Heat flow values range from 46 ± 6 
mW/m2 at Lac de Gras kimberlite field (Lewis et al., 2003) to 53 and 54 mW/m2 at Yellowknife 
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 and the Jericho kimberlite, respectively (Lewis and Wang, 1992; Russell and Kopylova, 1999). 
These values are consistent with a geothermal gradient of approximately 20 °C/km (Chapman, 
1986).  Calculated geotherms based on P-T data for mantle xenoliths from kimberlites emplaced 
from 550 to 55 Ma suggest that, to first order, the thermal structure of the Slave lithosphere has 
not changed significantly in the past 500 m.y. (Canil, 2008).  Using the minimum peak 
Paleozoic-Mesozoic reheating temperatures of ~88 °C constrained by our data, applying this 20 
°C/km geotherm to the uppermost crust, and assuming a surface temperature of 5 °C would 
indicate that minimum burial depths of 4.2 km were attained between the Devonian and 
Pennsylvanian.  Assuming a higher geotherm of 25 °C/km yields minimum burial depths of 3.3 
km. Thus, our data suggest that Devonian through Triassic sedimentary rocks that were 
deposited during the development of a passive margin off the western Canadian shield (Monger 
and Price, 1979; Johnston, 2008) likely extended hundreds of kilometers further to the northeast 
over the Slave craton.   
Heat flow data for Proterozoic rocks of Wopmay orogen are substantially higher than for 
the Slave craton.  Heat flow measurements from boreholes just west of Great Bear Lake are 90 ± 
15 mW/m2 (Lewis et al., 2003). These measurements are twice as high as what is characteristic 
of typical cratonic geotherms (e.g., Rudnick et al., 1998), likely reflecting upper crustal heat 
generation from U-, Th-, and K-rich plutons of the Great Bear Magmatic Zone (Lewis et al., 
2003). Our mean sample (U-Th)/He dates, although statistically indistinguishable within error 
(2σ), are consistently younger in the Great Bear Magmatic Zone and Hottah terrane than in the 
adjacent Slave craton. Higher heat flow in the Proterozoic basement may have contributed to the 
slightly younger (U-Th)/He dates in the western segment of the sample transect, because rocks at 
equivalent crustal depths in an area of higher heat flow will be hotter that those in an area of 
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 lower heat flow (Fig. 1B).  Alternatively, the age pattern may reflect slightly younger unroofing 
of a thicker package of Devonian-Triassic sedimentary cover to the west.  
Archean and Proterozoic terrane boundaries and suture zones, like that within Wopmay 
orogen, are commonly invoked as sites of repeated reactivation between lithospheric blocks with 
different compositions and histories during younger orogenic cycles, as has been interpreted in 
Australia (e.g., Cawood and Tyler, 2004), South Africa (e.g., Nguuri et al., 2001), and the 
southwestern United States (e.g., Bowring and Karlstrom, 1990). In particular, Archean 
lithosphere is strongly chemically depleted and distinct from more juvenile, generally more 
fertile, Proterozoic lithosphere (e.g., Durrheim and Mooney, 1994), and thus may respond 
differently to younger events.  Our sample transect crosses the major lithospheric boundary 
between the Paleoproterozoic Hottah terrane and the western edge of the Archean Slave craton, 
and allows us to evaluate whether this Proterozoic suture zone accommodated differential 
unroofing between these lithospheric domains during Phanerozoic time.  The (U-Th)/He dates 
from the western Slave craton, the Great Bear Magmatic Zone, and the Hottah terrane are, to first 
order, remarkably uniform, and indicate that rocks within the entire study area underwent similar 
Phanerozoic thermal histories.  These results suggest that, despite the distinctly different ages of 
the Proterozoic and Archean lithospheric domains encompassed by our sample transect, this 
region behaved as a single, broadly coherent cratonic region since ca. 250 Ma.  
Our study is part of a larger effort to characterize the low temperature history of the 
Canadian shield.  Apatite fission-track and (U-Th)/He data from other localities across the 
Canadian shield including the Williston Basin in the southern WCSB (Osadetz et al., 2002), the 
Superior Province (Lorencak et al., 2004), and the East Lake Athabasca region (Flowers, 2009) 
all point toward phases of burial in late Paleozoic-early Mesozoic time and Cretaceous time, with 
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 Paleozoic-Mesozoic peak temperatures that exceeded Cretaceous peak temperatures. However, 
the peak temperatures during these time periods are not everywhere the same.  For example, 
complete He loss from the Slave craton apatites, in contrast with partial He loss from many 
apatites in the East Athabasca region, implies that the former experienced higher temperatures 
during Paleozoic-Mesozoic time.  Resolving the similarities and differences in these Phanerozoic 
thermal histories is key for deciphering the primary controls on depositional and denudational 
patterns across the Canadian shield.  
 
5.4 Potential relationships among burial and unroofing patterns, plate margin tectonism, 
and kimberlite emplacement in the Slave craton 
Our results suggest burial of the Slave craton and Wopmay orogen beginning in the 
Cambrian, peak burial to depths ≥ 3.3 km between the Devonian and Pennsylvanian, unroofing 
to near-surface conditions by earliest Cretaceous time, followed by a lesser episode of burial and 
unroofing in the Cretaceous through Early Eocene. These burial and unroofing phases may in 
part reflect the lithospheric response to distant plate margin processes and/or mantle 
perturbations, superimposed on Phanerozoic sea level change characterized by sea level high-
stands in the mid-Paleozoic and Cretaceous. We evaluate whether there are temporal correlations 
among depositional and denudation patterns, tectonic events, and kimberlite emplacement that 
might support causative links among them. 
 
5.4.1. Potential relationships with plate margin tectonism 
Convergent activity at two plate boundaries, the western and northern margins of North 
America, potentially affected the burial and unroofing history of the Slave craton.  The western 
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 margin was a continent-ocean plate boundary for at least 750 million years and records plate 
convergence since ~380 Ma with the emergence of the Canadian Cordillera (Monger, 1997).  To 
the north, ~1000 km from the sample transect, the Caledonian-Franklinian orogeny occurred 
between ca. 450-350 Ma (e.g., Andresen et al., 2007). We consider the potential effects of plate 
margin processes during the two burial and unroofing intervals in the Slave craton documented 
by our results: Devonian to Jurassic time and Cretaceous to Early Eocene time.  
Although the western margin of North America is widely considered passive throughout 
most of the Paleozoic (Dickinson, 2004), intervals of compressive deformation and subduction in 
Devonian time have been interpreted in some studies (e.g., Ziegler, 1989; Rubin et al., 1991).  
The Antler Orogeny, defined in Nevada and Idaho, is an interpreted Devonian-Early 
Mississippian arc-continent collision that induced deformation and the cessation of passive 
margin sedimentation (e.g., Nilsen and Stewart, 1980).  Evidence of Devonian-Mississippian 
tectonism has also been reported in the Canadian Cordillera of northern British Columbia and the 
Yukon Territory (e.g., Smith et al., 1993). Pysklywec and Mitrovica (2000) used the tectonic 
framework of Ziegler (1989), characterized by Devonian subduction along the western North 
American plate margin, to explain an inferred history of subsidence, extensive transgression onto 
the continental platform, and subsequent surface uplift in the Williston Basin in the southern 
Canadian shield.  They invoke dynamic topography associated with subduction-related mantle 
flow to explain the depositional and erosion patterns of this region. If subduction similarly 
occurred along the North American plate boundary west of the Slave craton in Paleozoic time, 
then Paleozoic burial and unroofing across the Slave craton could also reflect subduction-related 
processes.  Alternatively, the Devonian-Pennsylvanian burial and subsequent unroofing signature 
may be related to the Caledonian-Franklinian orogeny to the north of the Slave craton.  Nd 
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 isotopic data suggest that detritus from this orogenic system may have been the dominant source 
of clastic material for Devonian through mid-Jurassic sedimentary rocks in the northwestern 
Canadian shield (Patchett et al., 1999).  Thus, convergence and subduction along either or both 
of the western and northern margins of North America could have influenced Slave craton and 
Wopmay orogen burial and denudation in Paleozoic to Early Mesozoic time.   
The second, ancillary phase of burial and denudation of the northwestern Canadian shield 
occurred during Cretaceous-Early Eocene time.  The western margin of North America was the 
site of Cordilleran orogenesis in this interval.  Located > 250 km west of the Slave craton, the 
development of the Canadian Cordillera involved the accretion of autochthonous and 
parautochthonous terranes in two or more stages to the continental margin (e.g., Monger, 1997; 
Johnston, 2008).  Periods of subsidence and sediment accumulation in the foreland basin, the 
Western Canada Sedimentary Basin, during the Early Cenozoic is generally ascribed to the 
effects of contemporaneous episodes of orogenic deformation along the continental margin 
(Porter et al., 1982).  The presence of Cretaceous-Early Tertiary sedimentary xenoliths in Slave 
craton kimberlites indicates that sedimentary cover of that age extended at least 300 km further 
east than the preserved extent in the foreland basin.  Mitrovica et al. (1989) call upon the 
dynamical effects of mantle flow coupled with subduction to explain inferred Late Cretaceous 
subsidence and Tertiary uplift of the western interior of the United States.  Regional burial and 
unroofing of the Slave craton in this time interval could have been influenced by a similar mantle 
flow related mechanism, or more directly by the deformational processes associated with 
Cordilleran orogenesis. 
 
5.4.2. Potential relationships between unroofing episodes and kimberlite emplacement 
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 Kimberlites are small, volatile-rich, potassic, ultrabasic intrusions (e.g., Mitchell, 1986) 
that are ubiquitous in Archean cratons.  Despite extensive study of kimberlites for diamond 
potential, there is no consensus on whether they are generated by large-scale geodynamic 
processes, or reflect smaller scale perturbations that merely trigger the ascent of kimberlitic 
magmas accumulated at the base of the lithosphere.  Proposed large-scale models for kimberlite 
genesis, including mantle plumes (Haggerty, 1994) and plume tails or hotspots (Crough et al., 
1980; Heaman and Kjarsgaard, 2000), continental rifting (e.g., Phipps, 1988), and subduction 
(Sharp, 1974; McCandless, 1999), might predict diagnostic signatures of subsidence and surface 
uplift associated with kimberlite genesis and emplacement. Alternatively, volatile-rich 
kimberlitic melts may impregnate and destabilize the base of the cratonic lithosphere through 
time (Foley, 2008), with their eruption ultimately induced by an external trigger.  This trigger 
might be a change in plate stresses, as proposed for the Slave craton (Snyder and Lockhart, 
2005). For example, kimberlite emplacement in the Slave craton may be related to convergent 
plate margin processes described in the previous section (e.g., Hildebrand and Kjarsgaard, 1995), 
such that the tectonism is the underlying cause of both depositional and erosional patterns and 
kimberlite eruption. Regardless, the temporal constraints on burial and unroofing provided by 
our new data provide a basis for beginning to assess these potentially complex relationships.  
The Slave cratonic lithosphere was repeatedly pierced by diamond-bearing kimberlites 
beginning in the Neoproterozoic.  Most kimberlites were emplaced in the Phanerozoic, including 
eruptions in Cambrian, Siluro-Ordovician, Permian, Jurassic, Cretaceous, and Eocene times (Fig. 
1A; e.g., Heaman et al., 2003).  Our apatite (U-Th)/He data bear on the relationships between the 
post-Ordovician phases of kimberlite emplacement and burial and unroofing episodes.  Complete 
He loss from the apatites in late Paleozoic time means that that the (U-Th)/He results yield no 
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 insight into the relationships with earlier phases of kimberlite eruption.  A temporal link may 
exist between the two Phanerozoic unroofing phases in the Slave craton and several episodes of 
kimberlite emplacement.  First, our results suggest a major phase of unroofing from the Permian 
through Late Jurassic, broadly coincident with the emplacement of kimberlites in north-central 
Slave craton, in particular the ca. 256-286 Ma Victoria Island kimberlites and the ca. 173 Ma 
Jericho kimberlite (Fig. 1A and Fig. 3B).  Second, significant erosion of Cretaceous and early 
Tertiary strata is interpreted in the Lac de Gras region (Fig. 1A an Fig. 3B) between 94-75 Ma 
(Sweet et al., 2003), immediately preceding the eruption of ca. 71-73 Ma kimberlites (Scott 
Smith and McKinlay, 2002) of the Hardy Lake field within the Lac de Gras region (Fig. 1A).  
These observations are suggestive of two unroofing phases immediately prior to, and temporally 
synchronous with, kimberlite activity.  Additional (U-Th)/He data from kimberlites and 
basement samples of the central and eastern Slave craton, however, is required to more 
rigorously establish these temporal connections and determine whether they are indicative of an 
underlying causative link between unroofing and kimberlite generation and emplacement. 
 
6. CONCLUSIONS 
  New apatite (U-Th)/He data from the western Slave craton and Wopmay orogen yield 
mean dates of 296 to 242 Ma and 231 to 212 Ma, respectively.   The younger dates from 
Wopmay orogen, although statistically indistinguishable from the Slave craton results, may be 
due to higher heat flow or slightly younger unroofing in the western portion of the sample 
transect.  These data, when combined with geologic and stratigraphic information, imply that the 
apatites experienced complete He loss in Devonian-Pennsylvanian time.  We use constraints on 
modern and paleo-geothermal gradients in the Slave craton to interpret a history characterized by 
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 sedimentary burial beginning in the Cambrian, peak burial depths of at least 3.3 km between the 
Devonian and Pennsylvanian, unroofing to near surface conditions by earliest Cretaceous time, 
followed by a lesser phase of burial and unroofing in the Cretaceous-Early Eocene. Our mid- 
Paleozoic burial depth estimates for basement of the western Slave craton are substantially 
higher than those from previous studies in the Canadian shield, but are compatible with 
preserved sedimentary thicknesses in the WCSB to the west.  Despite the inherently different 
lithospheric character of the Archean Slave craton and Proterozoic Wopmay orogen, the 
consistency of ages across the entire transect indicates that the region acted as a broadly cohesive 
unit since at least ca. 250 Ma. Paleozoic-Mesozoic and Cretaceous-Early Eocene depositional 
and denudational phases may in part reflect surface responses to far-field subduction along the 
western and northern margins of North America and/or processes associated with kimberlite 
genesis and emplacement. 
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Phanerozoic burial and unroofing history of the western Slave craton and Wopmay orogen 
from apatite (U-Th)/He thermochronometry 
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(U-Th)/He Analytical Methods 
Single crystals of apatite were selected based on morphology, clarity, and lack of 
inclusions using a binocular microscope with crossed polars.  Prior to analysis, grains were 
photographed and dimensions measured.  Apatite grains were packaged in Pt packets and laser 
heated to 1065 °C for eight minutes (House et al., 2000).  Extracted He gas was spiked with 3He, 
purified using cryogenic and gettering methods, and analyzed on a quadrupole mass 
spectrometer.  The degassed apatites were retrieved, spiked with a 235U-230Th-51V tracer, 
dissolved in HNO3 at ~90 °C for 1 hour, and analyzed on a Finnigan Element ICP-MS.  The 
apatite mass was computed from the apatite Ca concentration using 51V as an elemental spike.  
This Ca-based mass was used to calculate the apatite U and Th concentrations.  REE data were 
also obtained by ICP for each analyzed apatite.  Fragments of the Durango apatite standard were 
analyzed by the same procedures with the batch of unknowns.   A hexagonal prism morphology 
was used as a reasonable approximation for the alpha-ejection correction (Farley et al., 1996). 
 
Thermal history simulations 
 Thermal history simulations employed the inverse modeling capabilities of HeFTy 
(Ketcham, 2005) to invert 10,000 possible temperature-time paths.  Temperature-time constraint 
domains were defined used the geologic information outlined in Table 1.  Temperatures 
calculated from depth estimates assumed a range of reasonable geothermal gradients (15-25 °C) 
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and a surface temperature of 5 °C.  Input parameters for all model simulations are enumerated in 
Table S1. 
Slave craton  
As described in the main text, we grouped the three samples from the Acasta gneiss 
complex together for the inverse modeling simulations to exploit a fuller eU range than would be 
provided by a single sample.  The errors used in the simulations are the 1 standard deviation of 
the mean for each [eU] grouping.  Simulation results are described in the text and illustrated in 
Figures 3 and 4.  In addition, we carried out simulations for a single sample, SAB91-7, that 
encompasses a more limited range of apatite [eU] (8-44 ppm).  We used the [U], [Th], (U-
Th)/He date and 2 error on the date propagated from the analytical uncertainties on the U, Th, 
He and grain-length measurements from both the lowest [eU] and highest [eU] apatites in the 
simulations. The results are depicted in Figure S1, and are similar to those obtained using all 
three Acasta samples. 
Wopmay orogen  
We also carried out inverse modeling simulations for the Wopmay orogen samples 
(HWA89-22, HWA86-19, and HWA90).  Apatite analyses were grouped as follows: (1) apatites 
from sample HWA90, characterized by [eU] < 8.5 ppm, (2) apatites with [eU] of 12-30 ppm, and 
(3) apatites with [eU] > 30 ppm.  We used the mean [U], [Th], and mean apatite (U-Th)/He date 
and associated errors computed as the 1 standard deviation of the mean for the simulations. 
Simulation results (Fig. S2) are similar to those for the Acasta samples.  The results differ by less 
tightly restricting the time interval for Paleozoic-Mesozoic reheating, and imposing lower 
maximum peak temperatures during the Cretaceous-Early Tertiary time interval. 
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Table S1: Input Parameters for HeFTy (version 1.6.4)  
Parameters Option/value Units 
calibrations other  
model precision best  
activation energy 29.23 kcal/mol 
Do 0.6071 cm
2/sec 
alpha calculation ejection  
trapping? yes  
Et 8.126 kcal/mol 
 1.00E-13 cm2/N 
 1.00E-22  
anneal traps? FTs  
rmr0 0.83  
age alpha correction Ketcham in prep. 
segment parameters 2G, gradual  
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 ABSTRACT 
New U, Th and Ce concentration maps were acquired by LA-ICPMS for 70 apatites from 
18 cratonic basement samples from the Canadian shield to characterize the nature and variability 
in apatite U-Th zonation. All apatites are zoned in effective U concentration (eU), with 80% 
exhibiting modest zoning that varies from a factor of ~1.2 to ~2.4. Zonation patterns include 
those with a general eU decrease from core to rim (~25%), a core to rim eU increase (~35%), 
and patchy or irregularly shaped eU distributions (~40%). Most samples consist of individual 
apatites with markedly different and opposing eU profiles. Cathodoluminescence (CL) images 
were obtained for 258 apatites in 25 samples. Comparison of eU and CL patterns reveals no 
consistent relationships, suggesting that CL is not a reliable proxy for apatite eU zonation. 
We explore the implications of eU zonation for the interpretation of apatite (U-Th)/He 
(AHe) data by comparing the age predictions for representative and endmember apatite eU 
profiles with those for unzoned apatites. We focus on thermal histories that should magnify eU 
zonation effects, including slow monotonic cooling, extended He partial retention zone (HePRZ) 
residence, and protracted reheating and cooling. Application of incorrect α-ejection correction 
(FT) factors, different He concentration gradients, and variable intracrystalline retentivity due to 
heterogeneous radiation damage may cause the AHe dates for zoned and unzoned apatites to 
differ. In our dataset, the magnitude of the FT effect is < 1.5% for most samples. The He 
diffusion gradient and heterogeneous radiation damage effects cause apatites with eU enriched 
cores to yield AHe dates equal to or older than unzoned grains, with the opposite true for apatites 
with eU enriched rims.  For monotonic cooling rates as slow as 0.1°C/Myr, apatites of typical eU 
zonation exhibit a < 1°C difference in effective closure temperature from equivalent unzoned 
grains. The difference in HePRZ temperature at 50% of an 150 Myr isothermal holding time is < 
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 1.4°C for typically zoned apatites. For most reheating simulations considered here, age 
deviations between zoned and unzoned apatites are not significant, and reach maximum 
differences of ~10% for peak temperatures that induce partial He loss from the apatites. The age 
dispersion caused by zonation is comparable to that induced by grain size variations, but is 
considerably less than what can be caused by differences in mean eU and associated radiation 
damage for certain histories. 
By simulating zoned apatite suites from representative and endmember samples we find 
that eU zoning adds modest age dispersion to most samples. The commonly opposing eU 
profiles for individual apatites in most samples have different effects on predicted age, and 
partially cancel each other out to reduce the predicted age difference at the sample level. Higher 
predicted age differences between zoned and unzoned samples generally correlate with greater 
sample scatter. The age deviations generally fall within the ~15% uncertainty range that we 
commonly apply for sample AHe dates. Except in unusual circumstances, it appears unlikely that 
the unzoned apatite assumption will lead to misinterpretation of AHe datasets, thus precluding 
the need to routinely acquire apatite eU zonation information as part of AHe dating studies. 
 
1. INTRODUCTION 
Apatite (U-Th)/He thermochronometry (AHe) is sensitive to temperatures of ~30-90°C, 
depending on the accumulation of radiation damage in the apatite crystal (Farley, 2000; Shuster 
et al., 2006; Flowers et al., 2009). Thermal histories inferred from this technique can be used to 
quantify the movement of rocks within the uppermost kilometers of the earth’s crust. The 
method is therefore uniquely suited to address a range of geologic problems including 
exhumation of mountain ranges (e.g., Stockli et al., 2000; Farley et al., 2001; Ehlers and Farley, 
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 2003; Spotila, 2005), development and evolution of paleotopography (e.g., Reiners, 2007), and 
burial and unroofing histories in cratonic regions (e.g., Ault et al., 2009; Flowers, 2009).  
With the widening application of the AHe method, it is increasingly important to fully 
evaluate the potential sources of inaccuracy and dispersion in AHe datasets. AHe datasets 
characterized by scatter greater than the uncertainties reported for the analyses are relatively 
common, and there currently is no standardized method employed across the thermochronology 
community for reporting uncertainties associated with AHe data. Factors that may induce 
dispersion in a population of AHe dates include grain size (Reiners and Farley, 2001), radiation 
damage (e.g., Flowers et al., 2009), radiogenic micro-inclusions (Fitzgerald et al., 2006), 
heterogeneous He injection from neighboring grains (Spiegel et al., 2009), and apatite U-Th 
zonation (Farley, 2000).  
Here we specifically focus on the influence of heterogeneous parent isotope (U and Th) 
distribution on the reproducibility and accuracy of AHe data. The spatial distribution of U and 
Th within apatites dated by the AHe method is not measured routinely, and AHe dates are 
typically corrected and their thermal histories simulated assuming the apatites are unzoned in U-
Th. However, apatite U-Th zonation has the potential to impact AHe data in several ways. First, 
raw AHe dates must be corrected for the loss of 4He from the apatite crystal due to α ejection 
(Farley et al., 1996), and a zoned apatite has a different α ejection correction factor (FT) than an 
unzoned apatite. Correcting a zoned apatite with the FT factor for an unzoned apatite will cause 
the corrected date to be inaccurate to some degree. Second, zoned apatites exhibit different He 
diffusion concentration gradients and thus may undergo different fractional He loss than 
equivalent unzoned apatites (Farley, 2000). Third, zoned grains have variable internal radiation 
damage resulting in variable intracrystalline He retentivity (Farley et al., 2011). Note that the 
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 influence of radiation damage and grain size on apatite He diffusivity may also induce a span of 
dates in an apatite suite (Reiners and Farley, 2001; Shuster et al., 2006; Flowers et al., 2009). 
However, unlike U-Th zonation, the radiation damage and grain size effects can be evaluated by 
assessment of age correlations with eU (effective U concentration, weights the decay of U and 
Th for their He productivity and computed as U + 0.235*Th) and grain dimension, because these 
parameters are determined as part of every AHe analysis and can be incorporated as constraints 
in thermal history simulations.  In contrast, acquisition of quantitative apatite U-Th zonation 
information requires a separate analytical technique such as LA-ICPMS (e.g., Hourigan et al., 
2005; Farley et al., 2011).  Other methods that are either inadequate or unproven for robustly 
documenting apatite U-Th zonation include electron microprobe, owing to detection limitations; 
backscatter imaging, because U-Th variations in this REE-rich mineral do not typically produce 
substantive differences in atomic weight that can be readily detected by this method, both as 
implied previously (Boyce and Hodges, 2005) and confirmed by our own observations; and CL, 
due to ambiguity about the impact of constructive and destructive interferences between trace 
elements on CL activation (Mitchell et al., 1997).   
 The absence of U-Th zonation information for most apatites dated by AHe means that 
zonation effects cannot be evaluated in most AHe studies, raising the larger question of whether 
the unzoned apatite assumption is likely to be problematic for interpretation of AHe datasets. 
Although past work has highlighted the potential role of U and Th zonation on (U-Th)/He 
thermochronometry dates (e.g., Farley et al., 1996; Farley, 2002; Meesters and Dunai, 2002; 
Boyce and Hodges, 2005; Hourigan et al., 2005; Fitzgerald et al., 2006), limited knowledge of 
apatite U-Th zonation has prevented a comprehensive evaluation of the significance of this factor 
for AHe data interpretation. For example, although Meesters and Dunai (2002) demonstrated that 
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 extreme parent isotope zonation could be problematic for AHe datasets for some thermal 
histories, whether their simulated U-Th profiles are analogous to zonation patterns in real 
apatites is unclear. Recently, Farley et al. (2011) developed a method to quantify the U-Th 
distribution in apatites using laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) to explicitly address this problem. This work characterized a suite of apatites from a 
single sample, and focused on the implications of the observed zonation for (U-Th)/He dates 
during moderate to rapid cooling and for interpretation of 4He/3He spectra (Farley et al., 2011). 
Here we more broadly assess the significance of apatite U-Th zonation from a large suite 
of samples for thermal histories in which the effects of zonation are expected to be most 
problematic. First, we characterize U-Th zonation patterns for a suite of 70 apatites from 18 
samples across the northwestern Canadian shield using the method of Farley et al. (2011) (Fig. 
1).  We also acquired a library of 258 apatite CL images from 25 samples to assess potential 
correlations with apatite U-Th distributions. Then we evaluate the significance of the observed 
U-Th zonation patterns for dispersion and interpretation of AHe data for histories characterized 
by slow cooling, prolonged residence in the He partial retention zone, and protracted reheating. 
Our study addresses the following questions: (1) How strongly zoned are apatites? (2) How 
heterogeneous is zoning within and between samples? (3) Is CL a good proxy for U-Th 
zonation? (4) How does zonation influence the accuracy and reproducibility of AHe data? (5) If 
one assumes that apatites are unzoned in U-Th as done in most studies, is it likely that U-Th 
zonation will lead to inaccurate interpretation of AHe data? 
 
2. SAMPLES AND METHODS 
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Figure 1. Simplified geologic map of northwestern Canadian Shield showing sample locations. Apatite 
CL images were acquired for all 25 samples.  Apatite eU maps were acquired for 18 samples, with 
sample names and the number of eU maps per sample noted. 
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 Our study focused on a suite of 25 basement samples from across the northwestern 
Canadian shield including the Archean Slave craton, adjacent Paleoproterozoic terranes of the 
Taltson-Thelon and Wopmay orogens, and Neoarchean Queen Maude Block of the Rae craton 
(Fig. 1). Previous zircon U-Pb study of some of these samples yielded crystallization dates 
ranging from 4.03 Ga-1.87 Ga (Bowring et al., 1989; Bowring and Grotzinger, 1992; Hanmer et 
al., 1992; Bowring and Williams, 1999; Northrup et al., 1999). Samples encompass the full array 
of apatite-bearing lithologies expected in a cratonic setting, including granites, granitoids, 
gneisses, felsic volcanics, meta-conglomerates, meta-sandstones, and pyroxene-bearing and 
garnet-biotite granulites.  
Apatite grains from each of the 25 samples were mounted in epoxy with the c-axis 
oriented parallel to the mount surface and polished to the approximate medial plane of the grain. 
We acquired 5-19 CL images for each sample for a total of 258 apatite CL images from this 
sample suite. The CL images were generated in the Electron Microprobe Laboratory at the 
University of Oklahoma using a 20 kV accelerating voltage and 5 nA sample current, with 1024 
x 1024 pixel arrays using three sweeps of the beam and reading each pixel 29 times during each 
step.  
The CL images were used as a guide to select a subset of 70 apatites for acquisition of U, 
Th, and Ce concentration maps.  We obtained maps for 3-5 apatites from each of 18 samples 
capturing the full range of CL intensities and patterns exhibited by each sample, including 
apatites with weak to no zonation in CL, as well as those with strong and variable CL zonation 
patterns (Fig. S1, S2). Data were acquired at the California Institute of Technology using a 
Thermo X Series 2 quadrupole ICPMS fitted with a collision cell and synchronized with a New 
Wave UP-193 laser operating at 193 nm.   
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 Details of the analytical method for eU map acquisition are described by Farley et al. 
(2011) and are summarized briefly here.  For each apatite, 238U, 232Th, 44Ca, and 140Ce were 
analyzed in five to fourteen orthogonal laser traverses with a 15 µm ablation spot. Shards of 
Durango apatite standard in the same epoxy mount as the sample apatites were analyzed between 
every 3-4 sample analyses. Traverse data were converted into color ramp concentration contour 
maps of U, Th, and Ce for each sample apatite using a grid regularization algorithm in 
MATLAB. eU concentration maps were calculated from U and Th concentrations as [U] + 
0.235*[Th] (Flowers et al., 2007). Averaging occurs in several steps of this process, including 
during the analysis due to the 15 µm size of the ablation spot that may exceed the scale of zoning 
variability, as well as during the grid regularization calculation. eU maps were converted into 
equivalent spherical eU concentration profiles to be used in subsequent thermal history 
simulations assuming that the two-dimensional analyzed surface is representative of the three-
dimensional zoning pattern, that the analyzed slice is through the mid-plane of the grain polished 
parallel to the c-axis, and that the apatite morphology can be approximated by a concentrically 
zoned cylinder oriented symmetrically about the c-axis (Farley et al., 2011). Resolution tests to 
assess the consequences of averaging during analysis and computations show that eU maps and 
profiles are smoothed relative to the true apatite eU distribution (Farley et al., 2011).  This 
averaging is estimated to be comparable to the α particle stopping distance, such that the maps 
can be considered to already include the effects of α particle redistribution (Farley et al., 2011).  
 
3. APATITE eU ZONATION 
3.1 Apatite eU zonation patterns 
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 All 70 cratonic apatite grains examined in this study are zoned in eU to some extent (Fig. 
S1). In most apatites, eU varies by a factor of ~1.2 to ~2.4 based on the equivalent spherical eU 
profiles computed for each apatite. A few grains exhibit eU that varies by as little as a factor of 
~1.1, while 12 apatites are characterized by more substantial eU zoning that varies by up to 8.1 
within individual crystals. Spot eU values from concentration maps range from 2-325 ppm (Fig. 
S1) and mean eU values calculated from the eU profiles range from 4-183 ppm (Table 1). The 
majority of apatites have mean eU values ≤ 60 ppm. In most apatites U and Th are broadly 
correlated and characterized by U values higher than or approximately equal to the 
corresponding Th values.  In ~30% of the grains, Th values exceed the corresponding U values 
(e.g., Fig. S1H). 
eU zonation patterns from concentration maps can be subdivided into 3 broad groups 
(Fig. 2). Group 1 apatites, representing ~25% of the apatite suite, are characterized by a high eU 
core that is commonly irregular in shape and discordant to the geographic center of the grain. 
These grains display a general decrease in eU from core to rim (Fig. 2A). Group 2 apatites 
comprise ~35% of the sample suite and show a core to rim increase in eU (Fig. 2B). Many of 
these grains are characterized by a partial thin (~10-20 µm) rim of higher eU enveloping less 
than half of the grain. We classify the remaining ~40% of the apatite suite with more complex 
zonation patterns into Group 3. This group includes grains with minimal patchy zoning, as well 
as others with intricate and irregularly shaped eU distribution patterns (Fig. 2C). 
The geometries of the equivalent spherical eU concentration profiles computed for the 
apatites are broadly correlative with the eU map patterns. Nineteen apatites yield a general core 
to rim decrease in eU (Fig. 3A). Twenty-nine apatites display an increase in eU from core to rim 
(Fig. 3B).  Eight eU profiles show a variety of curved and parabolic shapes (Fig. 3C).  We 
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Table 1. Equivalent spherical radius, mean eU, FTZ and FTH for the 70 apatites for which eU 
concentration maps were acquired. 
       
       
Sample 
Grain 
ID 
Equiv. spherical 
radius (µm) 
Mean eU 
(ppm) FTZ FTH FTZ/FTH 
Eokuk L5-7 73.0 30.6 0.808 0.805 1.005 
meta-conglomerate L5-5 69.1 29.8 0.779 0.794 0.982 
 L5-4 64.5 56.3 0.769 0.779 0.988 
 L5-2 45.7 26.8 0.674 0.688 0.980 
SAB91-7 L8-6 87.6 28.2 0.814 0.838 0.971 
Acasta gneiss granitoid L8-1 68.8 13.6 0.787 0.793 0.992 
 L9-4 68.8 14.8 0.776 0.793 0.978 
 L9-2 71.1 19.3 0.816 0.800 1.021 
WAP91-8 M6-3 49.8 4.0 0.672 0.713 0.942 
Yellowknife Greenstone M6-1 50.7 31.0 0.825 0.719 1.148 
Belt granite M5-4 41.5 6.2 0.667 0.657 1.015 
 M5-1 36.4 5.6 0.601 0.611 0.983 
SAB92-41 S3-4 43.7 26.7 0.690 0.674 1.024 
granitoid S4-3 46.8 19.7 0.711 0.695 1.023 
 S3-3 50.1 18.8 0.719 0.715 1.006 
 S3-1 53.4 15.7 0.734 0.732 1.002 
WAP93-30 L3-2 137.4 34.2 0.895 0.899 0.995 
felsic volcanic L3-3 68.8 60.3 0.799 0.793 1.008 
 L3-4 91.2 45.2 0.846 0.845 1.001 
QM94-20 L6-3 66.7 4.0 0.774 0.786 0.985 
gneiss L6-5 61.5 5.4 0.767 0.768 0.999 
 L6-1 63.8 5.0 0.774 0.776 0.996 
 L6-2 59.1 5.9 0.738 0.758 0.973 
QM94-28 M9-1 46.8 58.8 0.683 0.695 0.982 
pyroxene granulite M8-3 45.6 37.5 0.689 0.687 1.002 
 M9-4 35.8 25.2 0.590 0.605 0.975 
 M8-4 36.0 28.6 0.599 0.607 0.986 
RSA S10-6 32.9 26.7 0.551 0.572 0.963 
volcanic ash S10-2 52.1 37.9 0.717 0.726 0.988 
 S9-1 36.9 27.9 0.588 0.616 0.954 
 S9-4 41.0 37.7 0.632 0.653 0.969 
WAP93-55 M7-3 49.3 40.8 0.770 0.710 1.085 
meta-sandstone M7-6 62.3 19.4 0.792 0.771 1.028 
 M7-1 49.1 19.5 0.725 0.709 1.023 
 M7-4 56.0 30.9 0.787 0.745 1.056 
WRT S8-1 38.1 56.2 0.577 0.628 0.918 
volcanic ash S7-3 43.6 29.4 0.625 0.673 0.928 
 S8-2 43.7 35.4 0.657 0.674 0.975 
 S7-7 42.2 30.9 0.625 0.662 0.944 
HWA86-19 ss5-3 58.7 44.7 0.727 0.757 0.960 
Great Bear Magmatic ss5-2 68.9 20.7 0.755 0.793 0.952 
Arc granite ss5-8 75.0 15.0 0.779 0.810 0.961 
75
HVAMeg M2-6 45.9 41.3 0.676 0.689 0.981 
Great Slave Lake shear M2-3 54.6 134.5 0.719 0.739 0.973 
zone granitoid M1-5 49.6 102.7 0.699 0.710 0.984 
 M1-4 47.7 183.0 0.715 0.701 1.020 
MegLa S2-3 33.1 112.9 0.572 0.575 0.995 
Great Slave Lake shear S2-2 41.0 90.0 0.644 0.653 0.987 
zone granitoid S2-5 37.8 72.9 0.640 0.625 1.025 
 S1-6 30.6 58.1 0.542 0.543 0.999 
QM94-2 S12-7 50.3 76.4 0.694 0.716 0.969 
grt-bt granulite S11-2 56.5 64.7 0.738 0.747 0.988 
 S12-3 47.6 63.7 0.708 0.700 1.011 
 S11-1 51.0 219.4 0.702 0.720 0.974 
SP91-8 S5-4 44.1 10.2 0.667 0.677 0.985 
gneiss S6-1 41.1 4.3 0.632 0.654 0.966 
 S6-2 43.8 80.2 0.710 0.675 1.052 
 S6-3 53.8 22.3 0.769 0.735 1.047 
 S6-4 55.8 25.0 0.771 0.744 1.037 
SB91-37 ss4-8 60.3 38.0 0.786 0.763 1.030 
Acasta gneiss ss4-5 56.5 67.6 0.747 0.747 1.000 
 ss4-1 65.3 29.4 0.799 0.781 1.023 
WAP93-17 L1-2 65.8 20.3 0.844 0.783 1.077 
gneiss L1-4 63.2 16.0 0.800 0.774 1.033 
 L2-1 56.3 29.6 0.772 0.746 1.035 
 L2-3 43.1 8.5 0.687 0.669 1.027 
SP86-34 M4-2 46.2 38.4 0.683 0.691 0.987 
Yellowknife Greenstone M3-3 39.6 36.2 0.623 0.641 0.972 
Belt granite M4-7 43.5 24.5 0.692 0.672 1.029 
 M4-6 52.1 12.0 0.707 0.726 0.974 
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Figure 2. eU concentration maps showing representative examples of the three eU zonation pattern groups 
described in text. (A) Group 1 apatites are characterized by a high eU core and an overall decrease in eU from core 
to rim. (B) Group 2 apatites exhibit a general increase in eU from core to rim. (C) Group 3 grains show a variety of 
irregular and patchy eU patterns. Note different eU scale for each apatite, chosen to maximize the eU zonation 
contrast within each grain.
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78
 classify the remaining fourteen eU profiles, characterized by less than a factor of 1.2 variability 
in eU zonation, as “flat” (Fig. 3D). 
The patterns and magnitudes of eU zonation are heterogeneous both between and within 
individual samples (Fig. 4). Most samples exhibit moderate to high variability in the 
morphologies of the individual eU profiles, as well as variable mean eU (e.g., Fig. 4A-D, S3, 
Table 1). Only several samples show consistent core-to-rim profile types, and even these still 
vary in the mean eU values for individual apatites (e.g., Fig. 4E).  Only one sample exhibits 
apatites with relatively uniform eU and similar mean eU values  (Fig. 4F). The intra-sample 
heterogeneity in eU zonation characteristic of most samples has important implications for the 
relationship between eU zonation and AHe data dispersion, as highlighted in a later section. 
 
3.2 Evaluating CL and Ce distributions as proxies for eU zonation 
Approximately 75% of the 258 apatite CL images exhibit appreciable zoning, and 
commonly show wildly contrasting CL patterns even within a single sample. We compare CL 
images with corresponding eU maps from the 70 apatites to evaluate whether CL is a good proxy 
for apatite eU zonation. This comparison indicates no consistent relationship between eU and CL 
intensity (Fig. 5, S1). Eleven of the 70 apatites are zoned in eU but unzoned in CL (Fig. 5A). Of 
the remaining apatites, approximately half exhibit high eU domains that correspond with zones 
dark in CL (Fig. 5B and C), and half show the opposite pattern (Fig. 5D and E). Given these 
contradictory relationships, we conclude that CL activation is not a reliable proxy for eU 
variability. 
We also evaluate potential correlations between apatite eU and Ce, as well as the 
relationship between Ce and CL activation. It has been suggested that apatite Ce, U, and Th are 
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Figure 4.  eU maps and equivalent spherical radius eU profiles for apatites from 6 samples showing representative 
and endmember patterns in our dataset.
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 correlated, such that analysis of Ce by electron microprobe could provide an inexpensive 
quantitative estimate of U and Th distribution (Jolivet et al., 2003). In our sample set, Ce and eU 
are positively correlated in only 54 of the 70 apatites (Fig. S1). Consequently, not only does eU 
zonation not always mimic corresponding Ce patterns (Fig. 5F), but the same inconsistent 
relationships between eU and CL also apply to Ce and CL (Fig. 5). Our dataset includes low 
(<500 ppm) and high (>500 ppm) Ce apatites that are zoned (e.g., Fig. S1Q, L2-3; Fig. S1K, ss5-
3) and unzoned (e.g., Fig. S1B, L8-6; Fig. S1G, M8-3) in CL. Our results therefore indicate that 
Ce distribution is also an imperfect proxy for apatite eU zonation. 
 
4. INFLUENCE OF eU ZONATION ON THE α  EJECTION CORRECTION 
AHe dates must be corrected for α  ejection of 4He particles generated by U and Th 
decay. These particles travel ~20 µm through the apatite crystal and some will be ejected from 
the grain (Farley et al., 1996). The fraction of 4He lost depends on both grain size and the eU 
concentration in the outer ~20 µm of the grain in the potential 4He ejection zone.  The zoned α 
ejection correction factor (FTZ) for apatites zoned in eU may differ from the homogeneous 
α ejection correction factor (FTH) for an unzoned apatite with the same mean eU value (notation 
of Farley et al., 2011). Here we explore the inaccuracy introduced by applying an inappropriate 
FTH correction to zoned grains. The influence of this correction is independent of He diffusion 
behavior and thus treated separately from the diffusion profile effects described in the next 
section. We compute FTZ, FTH, and FTZ/FTH for each of the apatites in our dataset based on the 
equations of Farley et al., (1996) (Table 1). Figure 6 depicts mean apatite eU as a function of 
FTZ/FTH value, and shows that the apatite suite is nearly evenly split between apatites with 
FTZ/FTH values greater than and less than 1. Apatites characterized by eU profiles with a core to 
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Figure 6. Mean apatite eU as a function of FTZ/FTH for the 70 apatites. Grey region denotes FTZ/FTH values between 
0.96-1.04 that encompass 80% of the sample suite.
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 rim eU decrease (Fig. 3A) have FTZ/FTH > 1 (1.001-1.148). Inappropriately assuming FTH 
overcorrects for α  ejection from these grains and yields AHe dates that are too old. Apatites that 
exhibit a core to rim eU increase (Fig. 3B) have FTZ/FTH < 1 (0.918-0.988). Erroneously applying 
FTH to these apatites underestimates α ejection, resulting in AHe dates that are too young. 
Parabolic and curved profiles (Fig. 3C) have FTZ/FTH values between 0.961-1.023, reflecting 
variable rim concentrations. FTZ/FTH ratios of nearly flat profiles (Fig. 3D) are 0.984 to 1.015, 
yielding AHe dates that do not significantly differ from those corrected assuming FTH. 
Approximately 80% of the apatites are characterized by FTZ/FTH values between 0.96 and 1.04 
(Fig. 6).  
By approximating the α ejection-corrected date as AHe date = raw date/FT, we find that 
erroneous application of FTH results in a mean date for the entire suite that is 0.4% too young. 
Twelve of eighteen samples yield mean sample dates that deviate by < 1.5% from the mean date 
appropriately corrected with FTZ; three of the remaining samples range up to 6.2% too young and 
three samples up to 4.7% too old. The 80% of individual apatites with FTZ/FTH from 0.96 to 1.04 
yield dates < 4% different when FTH is applied instead of FTZ. The remaining apatites have a total 
span from 8.5% too young to 13.8% too old. Note that because the majority of samples consist of 
apatites with variable eU zonation and FTZ/FTH values both greater than and less than 1, in many 
cases the corrected mean sample date applying FTZ does not deviate substantially from the mean 
sample date corrected assuming FTH. Note that the sample scatter introduced by inaccurate 
application of FTH is comparable to the reported sample reproducibility in many AHe dating 
investigations. 
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 5. SIGNIFICANCE OF eU ZONATION FOR THE (U-Th)/He DATES PREDICTED BY 
COMMON THERMAL HISTORIES 
Apatites characterized by eU zonation may yield AHe dates that differ from those for 
unzoned apatites of equivalent mean eU owing to different He diffusion gradients and variable 
intra-grain He retentivity. Unlike the FT correction, the influence of these factors on AHe dates is 
a function of the thermal history and may be manifested as real dispersion of AHe dates for a 
suite of apatites characterized by variable zonation. These effects are most likely to be amplified 
for apatites that have experienced a thermal history characterized by slow cooling, prolonged 
residence in the He partial retention zone (HePRZ), or protracted reheating due to reburial. These 
thermal histories are considered below, and all are plausible for cratonic regions like that from 
which our samples were acquired.  
We employed the forward modeling capabilities of HeFTy (Ketcham, 2005) and the 
radiation damage accumulation and annealing model (RDAAM, Flowers et al., 2009) to carry 
out a suite of thermal history simulations. HeFTy incorporates not only radial zoning in U and 
Th, but also radially varying diffusivity due to local radiation damage when RDAAM is utilized 
as the diffusion model. In other words, the He diffusivity at each radial coordinate is computed 
as a function of both the U- and Th-induced radiation damage and subsequent annealing. This 
model incorporates the effective apatite fission-track density as a proxy for accumulated 
radiation damage such that damage is created proportionally to α-production from U and Th 
decay and the removal of damaged is controlled by fission-track annealing kinetics (Flowers et 
al., 2009). The dates predicted by the simulations thus reflect the competing effects of damage 
accumulation and damage annealing on apatite He retentivity. For certain thermal histories, 
including those investigated in the present study, and for apatite suites comprised of variable 
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 mean eU concentrations, this model predicts diagnostic date-eU correlations as observed in the 
simulation results below.  
Our objective is to isolate the effects of eU zonation on AHe dates from the effects due to 
grain-size and absolute eU value. To accomplish this goal, we first computed normalized eU 
profiles for our 70 apatites by dividing each radial point in an apatite’s spherical eU profile by 
the apatite’s mean eU value. The normalized profile allows more straightforward visualization of 
the profile’s deviation from a homogeneous eU distribution, independent of the apatite’s absolute 
eU value (Fig. 7). We then selected nine eU profiles that encompass the full range of profiles in 
our dataset for use in thermal history simulations (colored profiles, Fig. 3, 7, S4). Five profiles 
are representative of the 80% of eU profiles in our dataset with FTZ/FTH from 0.96 to 1.04, 
characterized by shallow negative (Fig. 7A, S4), shallow positive (Fig. 7B, S4), parabolic (Fig. 
7C, S4), or nearly flat morphologies (Fig. 7D, S4). Four more extreme profiles are outside this 
typical range; two have moderate negative and positive slopes and two have endmember steep 
negative and positive morphologies (Fig. 7A, 7B, S4). We used these nine profiles to create 
synthetic apatites with mean eU values of 4, 28, and 100 ppm for a total of 27 apatite eU profiles. 
The 28 ppm eU value approximates the median eU of our dataset, with the 4 and 100 ppm values 
bracketing the majority of the apatite eU values (Fig. 6). We then normalized these profiles to an 
equivalent spherical radius of 60 µm, representative of typical apatites analyzed in AHe dating 
studies, to eliminate grain size effects in our simulations.  
All simulations account for α ejection using the “ejection” option in HeFTy because, as 
noted previously, the spatial averaging that occurs during acquisition and computation of the eU 
profiles is considered to approximate α particle redistribution effects (Farley et al., 2011). In the 
thermal history simulations below, we compare the age predictions for the zoned profiles with 
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 those for corresponding unzoned apatites of the same dimension and mean eU value. The results 
are plotted as a function of FTZ/FTH, with the gray shaded domain highlighting the region 
encompassing 80% of our apatite suite. 
 
5.1 Monotonic Cooling 
We first consider the response of zoned apatites to slow (0.1°C/Myr) monotonic cooling. 
These simulations build on the work of Farley et al. (2011), which examined the influence of eU 
zonation on AHe dates during moderate and rapid (1 and 10°C/Myr) monotonic cooling. We 
compute the difference in effective closure temperature (ΔTec) between the zoned and unzoned 
AHe dates by calculating the temperatures associated with the simulated dates at that time in the 
past, consistent with the “closure temperature” definition of Dodson (1973).   
Figure 8 illustrates ΔTec as a function of FTZ/FTH predicted by the RDAAM. Here we 
also show the results predicted by Durango diffusion kinetics to demonstrate the impact of 
variable intragrain He retentivity induced by the RDAAM. This plot conveys key information 
regarding the factors in zoned apatites that influence the AHe date, and these same patterns are 
highlighted again in the subsequent sections. First, apatites with eU enriched cores (FTZ/FTH >1) 
yield zoned AHe dates that are older than corresponding unzoned dates, and the opposite is true 
for eU enriched rims (FTZ/FTH <1) for both the RDAAM and Durango diffusion kinetics. Second, 
apatites with higher eU cores exhibit a positive correlation between ΔTec and FTZ/FTH for both 
RDAAM and Durango diffusion kinetics. Zoned grains have lower He concentrations along the 
grain margins, thereby losing a lower fraction of He by diffusion and yielding older dates than 
corresponding unzoned grains. This effect becomes more pronounced with increasing zonation 
magnitude. Third, apatites with higher eU rims display ΔTec values that level off near zero with 
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Figure 8. The difference in effective closure temperature (∆Tec) between zoned and unzoned apatites as a function 
of FTZ/FTH for the 9 selected eU zonation profiles during monotonic cooling at 0.1°C/Myr (inset). Apatites were 
simulated using the RDAAM for 4, 28, and 100 ppm mean eU values. Results for Durango diffusion kinetics are 
shown for comparison. Grey shading denotes FTZ/FTH values characteristic of 80% of the sample suite. Simulated 
profile names added for reference.
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 decreasing FTZ/FTH for RDAAM kinetics. This pattern is inferred to reflect the competing effects 
of He diffusion gradients and intracrystalline variability in radiation damage and thus He 
retentivity (Farley et al., 2011). Apatites with higher eU rims have greater radiation damage 
along the grain margin, which serves to retard He diffusion in this portion of the grain.  This 
effect counteracts the greater He loss expected due to increased grain margin He concentrations 
in these zoned apatites relative to unzoned grains and increases the zoned AHe date. Note that 
the Durango model prediction lacks this leveling off pattern, because these diffusion kinetics 
generate uniform intracrystalline He retentivity regardless of eU and therefore does not result in 
a retentive apatite rim to compensate for the He diffusion gradient effect.  
When we compare our simulated 0.1°C/Myr monotonic cooling rate results for 28 ppm 
mean eU apatites with the moderate (1°C/Myr) and rapid (10°C/Myr) cooling scenarios of Farley 
et al. (2011), the same positive correlations between ΔTec and FTZ/FTH due to diffusion profile 
effects emerge for all three cooling rates for apatites with eU enriched cores (Fig. S5). The 
variable intracrystalline retentivity effects caused by RDAAM for the apatites with eU enriched 
rims, however, are magnified at our slower cooling rates (Fig. S5). This pattern is manifested by 
a smaller ΔTec for slower cooling rates because there is a longer time for radiation damage to 
build up in the rim and thus produce an outer retentive domain more effective at 
counterbalancing the He diffusion effect.  
The predicted ΔTec reaches a maximum value of 0.8°C for apatites with typical zonation 
magnitudes (FTZ/FTH ≤ 1.04) and 4-100 ppm mean eU values at 0.1°C/Myr cooling rates when 
using the RDAAM (Fig. 8 and S5).  The endmember simulated apatites with the eU enriched 
core deviate by up to 3.8°C from the corresponding unzoned grains. These simulation results 
predict that zoning has a significantly lower impact on the Tec than absolute eU, and a somewhat 
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 smaller effect than grain size. For example, for the same 0.1°C/Myr cooling rate, unzoned 
apatites with absolute eU values of 4 and 100 ppm yield Tec values that differ by ~33°C (Flowers 
et al., 2009). Unzoned apatites characterized by 28 ppm eU but with equivalent spherical radii of 
35 and 85 µm yield a ΔTec of 5.2°C for this cooling rate. 
 
5.2 Prolonged residence in the He partial retention zone (HePRZ) 
We next focus on the response of zoned apatites to prolonged residence in the HePRZ. 
The HePRZ is the temperature range over which AHe dates change rapidly, from substantial He 
loss at high temperatures to quantitative He retention at low temperatures (Wolf et al., 1998), and 
is explicitly defined as the temperature span where He dates occur between 90% and 10% of the 
isothermal holding time. Figure 9A illustrates the position and shape of the PRZ predicted by the 
RDAAM for zoned and unzoned apatites with 4, 28, and 100 ppm eU held isothermally for 150 
Myr. The effect of zoning on AHe dates should reach a maximum within the middle of the 
HePRZ. For this reason, Figure 9B shows the impact of zoning at 50% (at 75 Ma) of the 150 
Myr holding time as a function of FTZ/FTH. The difference in the temperature of the HePRZ 
(ΔTPRZ) for the zoned and unzoned apatites is considered, because this discrepancy is what 
matters practically for assessing the degree of inaccuracy introduced into AHe data interpretation 
by zonation. Like the case of monotonic slow cooling, apatites with eU enriched cores (FTZ/FTH 
> 1) yield older AHe dates compared to the correlative unzoned grain at every temperature in the 
PRZ, and the opposite is the case for apatites with eU enriched rims (FTZ/FTH < 1). Apatites with 
eU enriched cores again display a positive correlation between ΔTPRZ and FTZ/FTH for RDAAM 
diffusion kinetics as a consequence of the He diffusion gradient effect, whereas apatites with eU 
enriched rims exhibit the leveling off trend that reflects the competition between the He diffusion 
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 gradient and the retentive rim (Fig. 9B). Consideration of 25 Myr and 300 Myr isothermal 
holding times for 28 ppm eU apatites (Fig. S6A, B) shows that the retentive rim effect is less 
pronounced for shorter isothermal holding times. This is reflected in Figure S6C by a lesser 
flattening trend for the eU enriched rim apatites held isothermally for 25 Myr relative to the 
apatites with the longer holding time. The effect is amplified during longer holding times 
because of the greater time for the rim to increase in radiation damage and thus He retentivity. 
A good example of the potentially complex and sensitive interplay between the 
competing effects of radiation damage accumulation and annealing using the RDAAM is 
apparent in Figure 9B. At 150 Myr of isothermal holding, the greatest ΔTPRZ between zoned and 
unzoned apatites is observed for the 28 ppm eU apatite, rather than for the 4 and 100 ppm eU 
cases. A possible explanation for this observation is that the position of the HePRZ at 50% of the 
isothermal holding time for the 28 ppm eU apatite is located at ~ 60°C (Fig. 9A), approximately 
coincident with the low temperature boundary of the apatite fission-track partial annealing zone. 
Consequently, little damage is annealed, leading to relatively large effects from heterogeneous 
damage distribution in zoned grains. In contrast, the 4 ppm apatite produces less radiation 
damage and is less affected by variable intracrystalline damage.  The 100 ppm grain generates 
more damage, but this damage is partially annealed at the higher temperatures (~80 °C) of its 
HePRZ (Fig. 9A). At these temperatures, small changes in temperature can result in large 
differences in the degree of fission-track annealing, which in turn feeds back into the He 
retentivity of the apatite. Although we only discuss these relationships in detail here, they 
similarly influence our other simulation results.   
The most important result of the HePRZ simulations is that the ΔTPRZ between zoned and 
unzoned apatites using RDAAM is not significant.  This difference never exceeds 1.4°C for 
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 apatites of typical zonation magnitude (FTZ/FTH of 0.96-1.04) and holding times up to 300 Myr, 
and is ≤ 6.0°C even for our endmember apatites characterized by extreme zonation (Fig. 9B, S6). 
It is clear from Figure 9A that the absolute apatite eU value for a given holding time exerts far 
greater control on the position of the HePRZ than eU zonation when using the RDAAM. With 
increasing eU the HePRZ plots at progressively higher temperatures because higher eU apatites 
with more radiation damage have a higher He retentivity than lower eU apatites (Flowers et al., 
2009). Increasing the holding time similarly increases the temperatures of the HePRZ because of 
greater damage accumulation (Fig. S6), but only to an upper temperature limit where damage 
annealing offsets damage accumulation (Flowers et al., 2009). A comparison of the zonation and 
eU effects reveals that the ΔTPRZ for unzoned apatites with eU values of 4 and 100 ppm at 50% 
of a 150 Myr isothermal holding time is ~37°C, in contrast to the maximum ΔTPRZ of ~6°C for 
our endmember zoned 28 ppm eU apatites after the same duration. The influence of grain-size on 
AHe dates is somewhat more significant than eU zonation for this thermal history. Unzoned 
apatites with 28 ppm mean eU and equivalent spherical radii ranging from 35 to 85 µm have a 
ΔTPRZ of 8.6°C at 50% of the holding time. 
 
5.3 Protracted reheating due to reburial 
Our final suite of simulations imitates the protracted heating and cooling of cratonic 
basement rocks during burial and unroofing by sedimentary strata. We consider time-temperature 
paths commencing at 550 Ma with residence at 0°C for 150 Myr, monotonic heating to a peak 
temperature between 0 and 140°C at 275 Ma, monotonic cooling back to 0°C by 150 Ma, and 
subsequent residence at 0°C through the present (inset in Fig. 10A).  The peak heating 
temperature range encompasses those temperatures that cause no, partial, and complete loss of 
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mean eU apatites for select peak temperature reheating scenarios. (C) Difference in peak reheating temperature (∆
Tpeak) that would be interpreted from a 400 Ma date as a function of FTZ/FTH for 4, 28, and 100 ppm mean eU apatites 
using the RDAAM.
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 He from the apatite crystals, as well as those temperatures over which no, partial, and complete 
annealing of radiation damage occurs. 
Figure 10A shows the variation in AHe date for zoned and unzoned apatites of 4, 28, and 
100 ppm mean eU values predicted by the RDAAM as a consequence of heating to different 
peak temperatures during this thermal history. The difference in dates is minimal at lower 
temperatures that induce no He loss or damage annealing in the apatites such that the grains 
retain their primary 550 Ma dates. Similarly, the difference is negligible at the highest 
temperatures that cause complete loss of He and total annealing of radiation damage in the 
apatites. Within the intervening peak temperature range the apatites undergo partial He loss and 
variable radiation damage annealing, such that a suite of apatites heterogeneously zoned in eU 
displays the greatest variability in predicted AHe dates. The sensitivity of AHe dates in this zone 
of partial He loss and partial damage annealing is also apparent in Figure 10B, which illustrates 
the % difference in AHe dates between zoned and corresponding unzoned apatites with 28 ppm 
mean eU as a function of FTZ/FTH for select reheating scenarios. At a peak reheating temperature 
of 60°C, the % difference is negligible for all the apatites regardless of zoning magnitude 
because He loss from the crystals is insignificant. The % difference markedly increases for peak 
reheating temperatures of 80-85°C within the middle of the peak temperature range required for 
partial He loss and partial damage annealing of apatites with a mean eU of 28 ppm. The 
deviation then decreases for a reheating temperature of 90°C, and is again insignificant for a 
peak temperature of 110°C that is hot enough to cause complete He loss from the apatites and 
nearly complete damage annealing.   
It is important to note that not only is the % difference between zoned and unzoned 
apatites the greatest in the sensitive peak temperature range where apatites undergo partial He 
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 loss and partial annealing, but also that this temperature range is different for apatites of different 
mean eU. The peak temperatures required for partial He loss are higher with increasing eU 
because of the greater radiation damage and the associated increase of apatite He retentivity. For 
the time-temperature paths considered here, this range of peak temperatures is ~20-70°C and 
~70-100°C for apatites with 4 and 100 ppm eU values, respectively (Figure 10A).  Figure S7 is a 
plot similar to Figure 10B, but depicts the results for the 4 and 100 ppm mean eU grains.  For the 
depicted simulation results, the % difference between zoned and unzoned apatites reaches a 
maximum at peak reheating temperatures of 60, 85, and 90°C for 4, 28, and 100 ppm eU 
apatites, respectively (Fig. 10B, S6), reflecting this shift of the partial resetting zone to higher 
temperatures with progressively higher eU. 
The influence of the diffusion gradient and retentive rim effects on the distribution of 
AHe dates is similar to the monotonic cooling and HePRZ simulations. Figures 10B and S6 
exhibit the same patterns as similar plots in the previous sections: the positive correlation 
between % age difference and zoning magnitude for apatites with eU enriched cores is 
attributable to the diffusion gradient effect, and the leveling off trend for apatites with eU 
enriched rims reflects the addition of the retentive rim effect. Interestingly, in some 
circumstances increasing eU rim enrichment leads to % difference values that not only level off 
to 0 but can cross over and produce older dates than their unzoned equivalents (e.g., 90°C in Fig. 
S7B). This pattern suggests the dominance of the retentive rim effect over the He diffusion 
gradient such that the former not only effectively counterbalances, but actually exceeds, the 
latter. 
Predicted dates for apatites characterized by zoning magnitudes typical of 80% of apatites 
in our study (FTZ/FTH of 0.96- 1.04) deviate by ≤ 10% from dates predicted for unzoned grains 
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 for all of the mean eU values and thermal histories considered here. As noted above, for those 
thermal histories characterized by peak reheating temperatures either above or below those 
required for partial He loss, the predicted AHe dates are relatively uniform regardless of eU 
zoning magnitude (Fig. 10A and B). Zonation only produces AHe dates that deviate by ≥ 10% 
from their unzoned counterparts when zonation magnitudes are among the most extreme of those 
documented in our study, and the thermal history is characterized by peak temperatures that 
induce partial He loss and partial damage annealing of the apatites (Fig. 10B, S7).  Figure 10C 
shows that a modest difference in peak temperature (ΔTpeak) would be inferred for our apatites 
with typical FTZ/FTH if one assumed a zoned apatite was unzoned. For an AHe date of 400 Ma, 
which represents the approximate mid-point in the age distribution where the deviation in 
interpreted ΔTpeak would be greatest, representative apatites characterized by 4, 28, and 100 ppm 
mean eU yield ΔTpeak values ≤ 5.6°C. As with our other simulations, the RDAAM predicts that 
the effect of eU zonation on AHe dates is secondary to the influence of absolute eU value (Fig. 
10A). For example, at an AHe date of 400 Ma, the difference in peak temperature between 4 
ppm and 100 ppm unzoned apatites is ~43°C, whereas the variability in peak temperature 
between zoned grains of a given mean eU deviates by ≤ 5.6°C (Fig. 10A). The effect of grain 
size for this thermal history slightly exceeds the variability induced by eU zonation, with 28 ppm 
eU unzoned apatites and equivalent spherical radii of 35 and 85 µm yielding a ΔTpeak of 8.1°C. 
 
6. IS APATITE U-Th ZONATION LIKELY TO CAUSE MISINTERPRETATION OF 
AHE DATA? 
Apatites dated by AHe are typically assumed to be unzoned in eU, and an important 
question that arises is whether this assumption is problematic for interpretation of AHe results. 
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 Both the magnitude of apatite eU zonation and the heterogeneity of patterns within each sample 
are relevant for the age difference between zoned and unzoned apatites and the reproducibility of 
the data. Suites of apatite eU profiles from several samples were used to address the critical 
question of whether apatite eU zonation information should be acquired routinely in AHe 
studies. Our approach is to first consider two samples with eU profiles that encompass the 
variability of most samples in our dataset, and then to assess the implications of a sample that is 
among the most extreme in its eU profile types and zoning magnitudes. To consider the total of 
impact of apatite eU zonation, the effect of the FT correction must be summed with the effects 
due to the diffusive profile and variable radiation damage, as is done in the subsequent 
subsections.  
In the simulations below, we first isolate the effects of eU zonation from the influence of 
mean eU and grain size by normalizing apatite eU profiles to 28 ppm mean eU and 60 µm radii 
(Fig 11A, 11B, 12A). The individual and mean AHe dates for each sample were then predicted 
for the monotonic cooling, HePRZ residence, and reheating histories described in the previous 
section assuming RDAAM diffusion kinetics. Results for these simulations are displayed as the 
sample % difference between zoned and unzoned AHe dates as a function of the sample % 
standard deviation. These plots show the age difference and dispersion that would be caused by 
the observed zonation in each sample (Fig. 11C, 12B). Then, for select thermal histories in which 
the effects of eU zonation should be most pronounced, age predictions are compared for zoned 
and unzoned apatites using the real eU and grain size values for the samples. Date-eU plots are 
constructed for these results, enabling evaluation of the dispersion that zonation would introduce 
into date-eU correlations (Fig. 11E, 12D). As noted previously, there is no universally adopted 
procedure for reporting uncertainties on AHe data.  Our protocol is to report uncertainties at the 
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 sample level as the mean and 1σ standard deviation of the mean for samples not characterized by 
substantial eU spans and date-eU correlations. These sample uncertainties are commonly ~15%, 
and therefore in subsequent sections we compare the predicted sample dispersions for zoned 
apatites with this ~15% uncertainty value. 
 
6.1. Samples with typical apatite eU zonation  
We first consider suites of apatites from two samples that together encompass the 
majority of eU profiles in our dataset. QM94-20 is characterized by minimal variation in both eU 
zonation patterns and mean eU (Fig. 4F, normalized profiles in Fig. 11A).  SP91-8 is like most of 
our samples because it contains variable and opposing eU zoning patterns with both core to rim 
increases and decreases in eU and variable zoning magnitudes (Fig. 4D, normalized profiles in 
Fig. 11B). Apatite eU profiles yield FTZ/FTH values of 0.975-1.002 and 0.966-1.052 for QM94-20 
and SP91-8, respectively. Erroneous application of FTH to the zoned apatites results in a 1.2% 
underestimation of mean sample AHe date for QM94-20 and a 1.5% overestimation for SP91-8. 
Most other samples in our dataset are characterized by eU profiles bracketed by these two 
samples (Fig. S3), and therefore should generally yield results that fall between QM94-20 and 
SP91-8 for the thermal histories simulated below. 
Several interesting results emerge from the age predictions for the normalized profiles 
using the monotonic cooling, HePRZ and reheating histories as shown in Figure 11C.  First, at 
monotonic cooling rates of 0.1, 1, and 10°C/Myr, the age difference is ≤ 3% and standard 
deviation is ≤ 2.2% for both samples. These results imply that for most monotonic cooling rates, 
the inaccuracy and dispersion introduced by eU zonation alone is negligible, even for samples 
characterized by highly disparate zoning patterns. Second, in the remaining simulations, the 
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 sample age difference between zoned and unzoned apatites is relatively small (≤ 3%).  These 
differences reach maximum values of 5.7% for the SP91-8 reheating simulations with peak 
temperature of 85°C that induce partial He loss from the apatite crystals.  Third, higher predicted 
age differences between zoned and unzoned apatites are generally correlated with greater sample 
dispersion. The sample standard deviations reach a maximum value of 11.3% for the SP91-8 
reheating simulation at a peak temperature of 85°C.  Finally, as expected, the % age difference 
and sample dispersion is higher in SP91-8 compared to QM94-20 due to greater eU zonation 
magnitude and profile variability in SP91-8 apatites.  However, it is interesting that the variable 
and opposing eU zoning patterns for individual apatites in SP91-8 (Fig. 11B) have different 
effects on the predicted age, thus reducing the age difference between zoned and unzoned 
apatites when averaged to obtain the mean sample date.  For example, Figure 11D depicts the % 
age difference for individual apatites as a function of FTZ/FTH for select reheating simulations.  
Predicted dates for the individual zoned apatites are up to 15% older and 10% younger than those 
predicted for the unzoned apatites, but the older and younger results for the individual apatites 
effectively cancel one another out to yield a mean zoned sample date only 5.7% older than the 
unzoned (Figure 11C).  
The FT correction and other effects must be combined to account for the total influence of 
eU zonation on the sample AHe dates. These influences are additive and bias the dates in the 
same direction. For most thermal histories considered here, the zoned apatites are ≤ 4.5% older 
than the unzoned, reaching a maximum difference of 7.2% for the worst case thermal history. 
These differences are within the range of uncertainties typically used in AHe dating 
investigations. 
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 Using the real grain size and eU values for each sample’s apatites allows consideration of 
the combined effects of these parameters and eU zonation on the age distribution. We again 
consider the worst-case scenario, involving reheating simulations that induce partial resetting of 
apatites from sample SP91-8 with variable eU values and zoning profiles. Figure 11E depicts 
individual AHe dates as a function of eU for different reheating temperatures for both individual 
zoned grains using the measured mean eU and radii, as well as the results for equivalent unzoned 
apatites. The data display a positive correlation between AHe date and eU at peak reheating 
temperature of 60 and 85°C, yielding up to an ~ 300 Myr spread in dates. An age difference 
induced by zonation is only apparent in this plot at reheating temperatures of 85°C, with a 
maximum difference of ~15%. This plot highlights that the influence of radiation damage is far 
greater than the effect of eU zonation. The secondary dispersion induced by eU zonation would 
not cause misinterpretation of this date-eU correlation if appropriate uncertainties are used when 
evaluating these results. 
 
6.2. Samples with extreme apatite eU zonation  
We next evaluate a suite of apatites from WAP93-55, an endmember sample in our 
dataset. Unlike most of our samples that contain apatites with varying profile types, WAP93-55 
is comprised of apatites displaying variable zoning magnitudes but a consistent core to rim eU 
decrease (Fig. 4E, normalized profiles in Fig. 12A). In addition, two apatites from this sample 
are characterized by two of the four highest FTZ/FTH values of the entire apatite suite. FTZ/FTH 
values for the sample vary from 1.023-1.085, such that the influence of the FT correction yields a 
4.7% overestimation of the mean AHe date when compared with unzoned apatites. 
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  Figure 12B illustrates the sample % difference between zoned and unzoned AHe dates as 
a function of the sample % standard deviation for the different thermal histories. For monotonic 
cooling, the sample % difference values for WAP93-55 are comparable to those for samples 
SP91-8 and QM94-20 described in the previous section, with comparable magnitudes of 
dispersion. Even for monotonic cooling rates as slow as 0.1°C/Myr, the extreme eU zonation of 
this sample would induce < 2.1% age difference from the equivalent unzoned apatite suite. For 
most other thermal histories considered here the age difference remains moderate (< 6.4%), and 
only approaches 13% for the worst case thermal histories characterized by 150 Myr residence in 
the HePRZ and reheating that induces partial He loss and incomplete annealing of radiation 
damage in the apatites. Thus, for the majority of the protracted thermal histories here, the 
combined FT correction and other zonation effects are < 10%, with maximum difference of 
~17.5% for the worst-case scenario. Higher predicted age differences between zoned and 
unzoned apatites are again generally correlated with greater sample dispersion.  However, unlike 
most samples in our dataset, the consistent core-to-rim eU decrease in WAP93-55 apatites cause 
the zoned AHe dates to be consistently older than the unzoned (Fig. 12C).   
Using the real grain size and eU values for these apatites and considering select thermal 
histories involving reheating reveals generally uniform dates at peak reheating temperatures of 
60 and 110°C, regardless of eU and zonation magnitude (Fig. 12D). A pronounced date-eU 
correlation is apparent at a peak reheating temperature of 85°C that induces partial He loss and 
partial annealing of damage in the apatite suite. The deviation between the zoned and unzoned 
apatites reaches at maximum at this temperature, but is still secondary to the span of dates 
induced by radiation damage. 
 
105
 6.3. Summary of U-Th zonation effects of sample AHe dates 
 In the simulations above we considered samples with both representative and endmember 
eU profile morphologies and zonation magnitudes, using time-temperature paths that should 
amplify the influence of eU zonation, in order to provide a general upper bound on the effect of 
eU zonation on AHe datasets. We emphasize that in most real AHe dating studies, the influence 
of eU zonation will be far less substantial than the scenarios simulated here, and in many cases 
will be negligible.   
For all monotonic cooling simulations, including those as slow as 0.1°C/Myr, the age 
difference between zoned and unzoned apatites is only a few %. For the samples with typical 
apatite eU zonation, the total age differences for the remaining HePRZ and reheating simulations 
are generally modest (≤ 4.5%). For the simulated sample with extreme zonation, most thermal 
histories yield maximum age differences of < 10%. A rare combination of circumstances appears 
required to induce a sample age difference between zoned and unzoned apatites that would 
exceed 10%. This case involves apatites with eU zonation profiles among the most extreme of 
our dataset, a sample with apatites characterized by consistent profile morphologies (for 
example, all with a core to rim decrease in eU) unlike most of our samples characterized by 
heterogeneous zoning patterns, and a select subset of unusually protracted thermal histories.  
Even in this situation, our worst-case thermal history simulation yields a maximum sample age 
difference of ~17.5% between the zoned and unzoned apatites when accounting for all zonation 
effects. This value is just outside the range of the ~15% sample standard deviation that we 
commonly observe and report in our AHe studies.  We therefore conclude that in the vast 
majority of circumstances, eU zonation data is not essential and assuming that the apatites are 
unzoned will not lead to a flawed interpretation of AHe datasets. 
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 The broad positive correlation between the sample dispersion induced by heterogeneity in 
apatite eU zonation and the age difference between zoned and unzoned apatites (Fig. 11C, 12B) 
suggests that, in some cases, anomalously large sample dispersion may indicate a problem with 
apatite eU zonation. A recent study showed that substantial AHe data dispersion for a cratonic 
basement sample without date-eU and date-grain size correlations could be reasonably explained 
using a viable range of eU zonation (Flowers and Kelley, 2011).  Thus, simply not interpreting 
data from irreproducible AHe datasets that lack date-eU and grain size patterns is a 
straightforward approach to avoiding misinterpretation of such samples (Flowers and Kelley, 
2011). Alternatively, one could acquire additional information regarding eU zonation or evaluate 
other potential causes of dispersion such as He implantation from neighboring grains (e.g., 
Spiegel et al., 2009) or U and Th-bearing micro-inclusions (e.g., Vermeesh et al., 2007) to help 
decipher the significance of the dataset. 
 
7. CONCLUSIONS 
We acquired new eU and Ce concentration data for 70 apatites from a suite of 18 samples 
from the northwestern Canadian shield using LA-ICPMS combined with 258 CL images from 25 
samples to address the nature, significance, and variability of eU zonation in cratonic apatites. 
Apatite eU maps and corresponding equivalent spherical eU profiles reveal that all 70 apatites 
are zoned. However, the magnitude of zoning is less than a factor of 2.4 from core to rim for 
80% of the apatites. Most samples are comprised of individual apatite eU profiles that differ, 
sometimes significantly, in both profile morphology and zoning intensity.  
Our results demonstrate that eU zoning of the magnitude displayed by over 80% of the 
dataset causes a < 1.5% age difference from inappropriate application of FTH to zoned apatites, 
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 with the diffusion profile and heterogeneous intracrystalline radiation damage effects introducing 
modest additional age disparities from unzoned apatites for most thermal histories.  The age 
difference for apatites with eU enriched rims is generally less than for apatites with eU enriched 
cores, owing to the competition between the diffusive profile and retentive rim effects. The ΔTec 
between typically zoned and corresponding unzoned apatites is < 1°C for monotonic cooling at 
rates ≥ 0.1°C/Myr.  The ΔTPRZ is < 1.4 °C following 150 Myr of isothermal holding. These 
numbers reach maximum values of 3.8 °C and 6 °C, respectively, for the endmember simulated 
apatites. The % difference between typically zoned apatites and their unzoned equivalents is not 
significant for reheating simulations in which the apatites are not reset or undergo complete He 
loss, and is highest (up to 10%) for reheating temperatures that cause partial He loss and partial 
annealing of radiation damage. This difference may exceed 10% for apatites with endmember eU 
zonation. The magnitude of the zonation effect on AHe data dispersion is comparable to the 
influence of grain size, but is far less than the potential effect of radiation damage for certain 
thermal histories. These results suggest that the effects of eU zonation are much less significant 
than suggested by at least one previous study which used extreme eU zonation patterns not 
displayed by any of our apatites (Meesters and Dunai, 2002). 
The influence of eU zonation on the reproducibility and accurate interpretation of AHe 
sample results was tested through simulations of apatites suites from representative and 
endmember samples. Because the simulated thermal histories are chosen to especially magnify 
the effects of eU zonation, these results should provide an outer limit on the significance of eU 
zonation for interpretation of most AHe samples. The majority of our samples are characterized 
by individual apatites with highly variable eU profile morphologies, increasing the AHe data 
dispersion but reducing the sample age difference than would be expected for apatites with 
108
similar eU zoning patterns. The typical zonation magnitudes in our apatite suite may explain the 
modest dispersion of dates observed in many AHe datasets. The age deviation between zoned 
and unzoned apatites is relatively minor for most monotonic cooling histories, is moderate for 
the majority of the HePRZ and reheating simulations, and in most cases is less than the 15% 
sample standard deviation that we observe and report for AHe dates from many of our samples. 
It appears that unusual circumstances are required to yield zoned apatite dates that differ from 
their unzoned counterparts by >15%. We conclude that using the conventional unzoned apatite 
assumption is a practical and sensible approach when interpreting the vast majority of AHe 
datasets. 
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 ABSTRACT 
Resolving the history and causes of elevation change in cratonic settings is a challenging 
problem.  We use apatite (U-Th)/He (AHe) thermochronometry to constrain the burial, 
unroofing, and elevation change history of the Slave craton and surrounding orogenic belts in the 
northwestern Canadian shield. New results consist of 94 apatite analyses for 16 samples and, 
together with previously published data, yield one of the largest published cratonic AHe datasets. 
AHe dates range from 210 ± 12 Ma to 363 ± 37 Ma. The data broadly define three NNE-SSW 
oriented age domains, with older mean AHe dates in the eastern Slave craton and younger dates 
westward. Thermal history simulations indicate Paleozoic heating to temperatures ≥88-90 °C, 
suggesting burial beneath ≥4.4 of sedimentary rocks across the region, followed by cooling and 
unroofing initiating in the eastern Slave craton and progressing westward. Results permit a lesser 
phase of heating in Cretaceous time, likely characterized by burial to ≤1.3 km and subsequent 
unroofing. 
When combined with other AHe datasets, the new results show an episode of Paleozoic-
early Mesozoic burial and unroofing that affected most of the western Canadian shield, and 
characterized by greater burial depths to the north. Previous work demonstrated that this history 
demands vertical motion of the craton, with Paleozoic subsidence followed by surface uplift, and 
the new results greatly expand the spatial extent of the region affected by this elevation change 
history. The Slave craton later underwent at least 300-350 m of post-100 Ma elevation gain, 
based on ca. 100 Ma marine sedimentary xenoliths entrained in ~75-45 Ma kimberlites of the 
central Slave craton and the modern 500-600 m elevations of the same area. Comparison of the 
Phanerozoic vertical motion history of the northwestern Canadian shield with far-field plate 
boundary activity suggests that the transition from Paleozoic-Mesozoic subsidence to surface 
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 uplift may signal a change from predominantly northern to western plate boundary controls on 
continental interior processes, with the Cretaceous-Early Tertiary history influenced by evolution 
of the Canadian Cordillera. Dynamic topography, plate margin flexural effects, and relative 
proximity to sediment sources in elevated regions likely controlled the burial, erosion, and 
vertical motion history of the northwestern Canadian shield. Any kimberlites emplaced during 
the Paleozoic-Mesozoic burial phase would have been eroded away during subsequent 
unroofing, consistent with the apparent absence of kimberlites with ages between ~450 and 175 
Ma preserved in the Slave craton. This history has implications for diamond exploration and 
global kimberlite compilations. 
 
1. INTRODUCTION 
Cratons, containing Earth's most ancient rocks, are traditionally considered regions of 
long-term tectonic, thermal, and erosional stability. Billions of years have passed since major 
tectonic activity perturbed some continental interiors, and conventional studies of cratonic 
denudation based on geomorphic observations have suggested the longevity of cratonic 
landscapes for hundreds of millions of years (e.g., Stewart et al., 1986; Twidale, 2000). 
However, both apatite fission-track (AFT; e.g., Crowley et al., 1986; Harman et al., 1998; 
Gleadow et al., 2002; Kohn et al., 2005) and apatite (U-Th)/He (AHe; e.g., Ault et al., 2009; 
Flowers, 2009) thermochronometry investigations have yielded Phanerozoic dates across 
cratonic regions hundreds of kilometers from the nearest active plate boundaries, demanding a 
more dynamic history of burial and unroofing than widely recognized. Recent work 
demonstrated that Phanerozoic burial and unroofing of a continental-scale region of the western 
Canadian shield requires long wavelength, low amplitude vertical displacements that are 
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 consistent with the elevation change from dynamic topography predicted by a global mantle 
convection model (Flowers et al., 2012; Zhang et al., 2012). Dynamic topography caused by 
changing mantle flow patterns has long been recognized as a viable explanation for vertical 
cratonic motions (e.g., Hager et al., 1985; Mitrovica et al., 1989; Gurnis, 1993; Pysklywec and 
Mitrovica, 1998; Moucha et al., 2008; Zhang et al., 2010), but documenting such motions in the 
geological record is challenging. Thermochronometry constraints on cratonic elevation change 
histories allow testing of mantle dynamic and other models for these displacements (Flowers et 
al., 2012). 
The Slave craton in the northwestern Canadian shield is an archetypal Archean craton 
(Fig. 1). It contains the oldest dated rocks on Earth (~4.03 Ga; Bowring and Williams, 1999), is 
underlain by a cold, chemically depleted lithospheric mantle root to depths of 200-250 km (e.g., 
Griffin et al., 1999; Carbno and Canil, 2002; Kopylova and Caro, 2004), was negligibly affected 
by Phanerozoic deformation, and was repeatedly intruded by diamond-bearing kimberlite pipes 
throughout the Phanerozoic (Heaman et al., 2004). Assembly and stabilization of the craton with 
the surrounding Paleoproterozoic Wopmay and Taltson-Thelon orogenic belts into a larger 
cratonic region occurred by ~1.85 Ga (e.g., Hoffman, 1988). Although Phanerozoic strata are not 
preserved on the Slave craton, Phanerozoic sedimentary xenoliths contained within kimberlites 
of differing ages demonstrate that such rocks once covered the craton and were later denuded. A 
preliminary AHe study in the western Slave craton and Wopmay orogen revealed that the region 
underwent two burial and unroofing episodes in Paleozoic-early Mesozoic and Cretaceous-Early 
Tertiary times (Ault et al., 2009). The sensitivity of the AHe technique to temperatures of ~30-90 
°C makes it ideal for quantifying shallow depositional and denudation episodes in cratonic 
regions, even when the deposited rocks have been completely eroded from the rock record. In 
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 this paper, we refer to “burial and unroofing” as the deposition and erosion of sediments, and to 
“uplift and subsidence” as the vertical motion of the Earth’s surface.  
 Here, we present a far larger AHe dataset for a total of 138 apatites from 25 samples 
from a 900 x 600 km2 region of the northwestern Canadian shield including the Slave craton, 
Taltson-Thelon and Wopmay orogenic belts, and adjacent Paleoproterozoic Queen Maud Block 
(Fig. 1). This AHe dataset represents one of the largest acquired for a single cratonic region, thus 
allowing us to address several important issues. First, until recently, poorly understood 
dispersion in cratonic AHe datasets hindered application of this tool to continental interior 
regions. Thermal histories characteristic of cratonic regions tend to magnify small, unaccounted 
for differences in diffusivity among apatites. However, improved understanding of the influence 
of radiation damage on AHe dates (Shuster et al., 2006; Flowers et al., 2009), as well as a more 
comprehensive examination of the role of apatite U-Th zonation (Farley et al., 2011; Ault and 
Flowers, 2012), has helped alleviate this problem (Flowers and Kelley, 2011). The coherent and 
sensible thermal history patterns across the region yielded by the large AHe dataset presented 
here, when accounting for apatite radiation damage and U-Th zonation effects, provides a useful 
first-order test of the improved understanding of apatite He diffusion kinetics. Second, the new 
AHe data greatly expand our spatial understanding of western Canadian shield thermal histories, 
allowing us to decipher variability in burial and unroofing patterns across the region. Coupling 
these new data with other geologic observations provides key constraints on Phanerozoic 
elevation change of the northwestern Canadian shield, which can then be used to evaluate 
tectonic and geodynamic causes for the vertical motions. The history interpreted here also has 
intriguing implications for diamondiferous kimberlite preservation across the Slave craton.  
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 2. GEOLOGIC SETTING 
2.1. Slave craton 
The Slave craton is composed of > 4.0-2.55 Ga tonalitic gneisses, plutonic and 
metavolcanic rocks, and meta-turbidites exposed over ~210,000 km2 in the northwestern 
Canadian shield (Fig. 1; Bowring et al., 1989; Isachsen and Bowring, 1994; Bowring and 
Williams, 1999; Davis et al., 2003). Pb and Nd isotopic studies have been used to infer a cryptic 
north-south trending boundary separating Mesoarchean basement in the west from Neoarchean 
basement in the east (Davis and Hegner, 1992; Thorpe et al., 1992). These boundaries broadly 
correspond to the exposed extent of Hadean to Mesoarchean basement of the Central Slave 
Basement Complex (of Bleeker et al., 1999), juxtaposed against post-ca. 2.7 Ga crust to the east 
along an inferred crustal-scale suture (Davis et al., 2003). The orientation of early deformational 
structures, distribution of ca. 2.63-2.62 Ga plutonic rocks, mantle xenolith petrology and 
geochemistry, and teleseismic anisotropy data collectively highlight a northeasterly grain to the 
craton’s crust and mantle lithosphere (Padgham, 1992; Davis et al., 2003). The 1.27 Ga 
Mackenzie Dyke swarm (LeCheminant and Heaman, 1989) and kimberlites of Neoproterozoic, 
Cambrian, Siluro-Ordovician, Permian, Jurassic, Cretaceous, and Eocene age intrude the Slave 
craton (Fig. 1; e.g., Heaman et al., 2004). 
 
2.2. Paleoproterozoic orogenic systems 
The Slave craton is bounded by Paleoproterozoic orogenic belts to the east, south, and 
west, and overlain by younger (ca. 1.66 Ga) basin sequences to the north (Bowring and Ross, 
1985). The southern and eastern margins of the craton are bordered by the Taltson-Thelon 
orogen (Fig. 1), which resulted from the 2.02-1.91 Ga collision between the Slave craton and 
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 Archean Rae craton (e.g., Hoffman, 1988). The orogen is composed of a 3.2-2.9 Ga basement 
complex of reworked Slave and Rae cratons fragments, 2.4-1.9 Ga metasedimentary rocks in 
pre-collisional basins, and 2.0-1.9 Ga granitic plutons related to eastward-dipping subduction of 
the Slave beneath the Rae (Stockwell, 1961; van Breeman et al., 1987; Hoffman, 1988; 
Henderson et al., 1990; Grover et al., 1997; Chacko et al., 2000). A 1.93-1.85 Ga (Bowring et al., 
1984) intracratonic basin, which includes the Great Slave Supergroup, developed along the East 
Arm of the Great Slave Lake (Fig. 1) and is interpreted to be the product of Slave-Rae collision 
(Hoffman, 1987, 1988). Taltson-Thelon convergence also resulted in with the formation of a 
foreland basin, the Kilohigok basin, preserved in the eastern Slave craton (Fig. 1; Bowring and 
Grotzinger, 1992). The Taltson-Thelon system is dissected by the coeval Great Slave Lake shear 
zone, an ~25 km wide northeast-trending, dextral transcurrent corridor of granulite to lower 
greenschist mylonites that offsets the Thelon and Taltson magmatic arcs by 300-700 km (Fig. 1; 
Hoffman, 1987). 
 The western margin of the craton is bounded by the ca. 1.88 Ga Wopmay orogen (e.g., 
Bowring and Grotzinger, 1992; Hildebrand et al., 2010). This system consists of three tectonic 
elements: the Coronation Margin, the Hottah terrane, and the Great Bear Magmatic Zone (Fig. 1; 
e.g., Bowring and Grotzinger, 1992). Coronation Margin rocks are correlative with Kilohigok 
basin sediments and were drawn into a collision with the 2.0-2.4 Ga Hottah terrane and thrust 
eastward onto the craton during the ca. 1.89 Ga Calderian orogeny (Hoffman and Bowring, 
1984; Bowring and Grotzinger, 1992; Hildebrand et al., 2010). The Great Bear Magmatic Zone 
is a continental arc system consisting of 1.88-1.84 Ga calc-alkaline volcanic and plutonic rocks 
(Hildebrand et al., 1987). Rocks of the Great Bear Magmatic Zone overlie and intrude rocks 
deformed and metamorphosed during the Calderian orogeny (Hildebrand et al., 2010). 
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2.3. Queen Maud Block 
 The Queen Maud Block is located east of the Taltson-Thelon orogenic system and 
defines the northwestern margin of the Rae craton (Fig. 1). This region contains high-grade 
granitoids, quartzofeldspathic gneisses, and metavolcanic and metasedimentary rocks (Heywood, 
1961; Fraser, 1964). The Queen Maud Block has been subdivided into three north-northeast 
trending domains based on field observations and aeromagnetic data (Schultz et al., 2007). The 
eastern and western magnetic high domains are characterized by deformed orthopyroxene-
bearing tonalites and granodiorites and separated by a central magnetic low domain dominated 
by migmatitic metasedimentary rocks. Widespread 2.50-2.46 Ga magmatism in the Queen Maud 
Block coupled with the development of a 2.44-2.39 Ga sedimentary basin, likely reflects 
continental rifting. This was followed by 2.39 Ga regional granulite facies metamorphism that is 
interpreted to reflect possible Slave-Rae collision in the north (Schultz et al., 2007). 
  
2.4. Phanerozoic cover 
The Slave craton, Queen Maud Block, and most of the Taltson-Thelon and Wopmay 
orogens are presently devoid of Phanerozoic cover.  However, Phanerozoic strata are preserved 
in the Western Canada Sedimentary Basin (WCSB) that unconformably overlies the crystalline 
basement along the Wopmay orogen, southwestern Slave craton margin, and the Taltson-Thelon 
orogen (Fig. 1). The WCSB is a northeastward-tapering wedge of supracrustal rocks that 
thickens to ~5 km at the northeastern margin of the Canadian Cordillera (Wright et al., 1994). In 
the northern WCSB west of the Wopmay orogen, preserved Cambrian, Ordovician, and Silurian 
strata are collectively ~ 1.5 km thick (Hamblin, 1990). Early Cretaceous strata up to 200 m thick 
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 (Dixon, 1995) unconformably overlie Cambrian sedimentary rocks < 20 km northwest of the 
Wopmay orogen and Devonian sedimentary rocks elsewhere in the WCSB (Fig. 1; Wheeler et 
al., 1996).  
Kimberlites of varying age that intrude the Slave craton basement contain Phanerozoic 
sedimentary xenoliths, indicating that strata preserved in the WCSB previously extended across 
the Slave craton. For example, early Paleozoic limestone xenoliths are reported from the 450.4 ± 
2.2 Ma Cross diatreme, as well as from four other kimberlites in the southwestern Slave craton 
(Fig. 1; Pell, 1996; Heaman et al., 2004). Limestone xenoliths with 385-375 Ma conodont suites 
(Fig. 1; Cookenboo et al., 1998) are found in the 173.1 ± 1.3 Ma Jericho kimberlite in the 
northern Slave craton (Heaman et al., 2002). Kimberlites of the ca. 75-45 Ma (e.g., Scott Smith 
and McKinlay, 2002; Heaman et al., 2004) Lac de Gras field in central Slave contain Cretaceous 
(~100-105 Ma) and Eocene (~45-56 Ma) sedimentary rocks (Fig. 1; Nassichuk and McIntyre, 
1995; Sweet et al., 2003; Heaman et al., 2004). In addition, an outlier of Ordovician marine 
limestone unconformably overlies the Mesoproterozoic Thelon Basin > 700 km east of the 
WCSB (Fig. 1; Wheeler et al., 1996), also indicating that Ordovician sediments once covered a 
much larger swath of the northern Canadian shield. 
 
3. APATITE (U-Th)/He THERMOCHRONOMETRY  
3.1. Samples and methods 
Apatite (U-Th)/He thermochronometry (AHe) is sensitive to temperatures from ~90 to 
30ºC, depending on accumulation of radiation damage in the apatite crystal (Farley, 2000; 
Shuster et al., 2006; Flowers et al., 2009). We acquired new AHe data for 94 apatites from 16 
samples of granitoids, felsic volcanics, meta-conglomerates, meta-sandstones, tuffs, pyroxene 
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 granulites and garnet-biotite granulites from the Slave craton, Kilohigok Basin, Great Slave Lake 
shear zone of the Taltson-Thelon orogen, and Queen Maud Block (Fig. 1). Single crystals of 
apatite were selected based on morphology, clarity, and lack of inclusions using a binocular 
microscope with crossed polars at the University of Colorado, Boulder. Individual apatite 
aliquots were analyzed for U, Th, and He at the California Institute of Technology. The α-
ejection correction of Farley et al. (1996) was applied to all crystals. Details of analytical 
methods are provided in the supplemental material. Analytical results are reported in Table 1. 
Analytical uncertainties for individual analyses are based on the propagated error from the U, Th, 
and He analyses and grain-length measurements. Sample results are reported in the text and 
shown in Figure 1 as the sample mean and 1σ sample standard deviation of the mean. 
 
3.2. AHe results 
New AHe dates for the 16 samples range from 210 ± 12 Ma to 363 ± 37 Ma. These new 
results, combined with previously published AHe data from the western Slave craton and 
Wopmay orogen (Ault et al., 2009), yield a total of 138 individual apatite analyses from 25 
samples across an ~900 x 600 km2 region of the northwestern Canadian shield (Fig. 1). All but 3 
of these 25 samples are characterized by < 20% sample standard deviation. We subdivide this 
larger dataset into three groups based on mean sample AHe date. Group 1 contains five samples 
with AHe dates between 210 and 240 Ma. Three of these samples are located in Wopmay orogen 
along the western margin of the study area, and two are from the central and eastern Slave craton 
(Fig. 1, 2A). Group 2 consists of 12 samples with mean AHe dates between 240 and 300 Ma. 
Most of these samples define a NNE-SSW trending zone in the western Slave craton, with two 
samples located in the Queen Maud Block (Fig. 1, 2B). Group 3 contains samples with mean 
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Table 1.  Apatite (U-Th)/He data from the Slave craton, Great Slave Lake shear zone, Kilohigok basin, and Queen Maud Block
Dim. mass ra lb U Th [eU] Sm 4He Ftc Raw Date Corr Date Errord
(mg) (µm) (µm) (ppm) (ppm)  (ppm) (ppm) (nmol/g) (Ma) (Ma) (Ma)
GREAT SLAVE LAKE SHEAR ZONE
Megacrystic from LaLoche Lake, Great Slave Lake Shear Zone, granitoid
a5 3.1 97 161 45.9 2.3 46.4 237.4 68.3 0.72 263 363 16
a6 2.0 71 203 163.2 56.3 176.5 408.7 180.2 0.65 184 280 12
a7 1.4 33 154 160.2 29.9 167.2 500.5 212.8 0.62 228 361 12
a8 0.7 27 173 89.6 9.7 91.9 420.2 77.6 0.57 152 263 11
a10 1.0 32 123 143.8 12.9 146.8 9.9 196.8 0.59 239 396 15
a11 1.2 34 130 32.7 2.0 33.2 448.2 32.6 0.62 176 280 12
a12 0.9 29 195 78.9 20.8 83.8 193.1 82.2 0.59 176 295 12
HVA Megacrystic, Great Slave Lake Shear Zone granitoid
a1 2.4 93 140 142.0 17.3 146.1 444.2 214.2 0.72 262 361 15
a2 2.5 93 143 237.3 60.5 251.5 423.4 394.1 0.72 280 386 13
a3 2.4 87 155 47.6 3.0 48.3 259.7 65.4 0.69 242 346 16
a6 3.2 94 180 57.9 2.7 58.5 251.0 97.4 0.72 296 409 15
a7 2.4 40 199 190.8 66.8 206.5 528.8 334.5 0.68 288 417 12
a8 2.1 37 193 143.4 32.3 151.0 420.2 160.8 0.66 192 289 9
a9 3.0 44 210 111.6 21.5 116.7 372.7 149.3 0.71 229 320 9
SLAVE CRATON
WAP91-08-19-5, north of Yellowknife Greenstone Belt
a1 2.2 79 175 4.6 0.0 4.6 17.3 6.7 0.69 273 388 27
a4 1.4 69 149 21.5 0.0 21.5 59.0 24.9 0.65 212 322 17
a5 2.1 76 184 5.5 0.0 5.5 21.1 6.0 0.68 208 300 17
a6 1.8 85 127 27.0 3.7 27.9 32.1 33.2 0.69 214 306 12
SP86-34, Yellowknife Greenstone Belt
a1 1.3 88 84 27.0 3.7 19.7 196.1 13.6 0.68 124 181 9
a2 3.0 94 171 22.4 0.0 22.4 185.0 18.9 0.71 199 277 14
a3 1.4 81 111 8.2 0.0 8.2 203.2 6.5 0.66 160 241 13
a4 1.7 87 113 10.0 0.0 10.0 155.3 10.0 0.68 164 238 16
a5 1.0 71 102 20.3 0.0 20.3 187.8 21.8 0.63 227 353 21
a6 3.8 101 185 16.4 0.0 16.4 172.9 16.9 0.73 193 262 12
a7 1.3 85 90 23.5 6.1 24.9 211.8 27.6 0.68 192 279 14
SAB92-41, Southwestern Slave craton
a1 1.4 76 117 12.3 6.7 13.8 44.3 15.1 0.65 198 300 19
a2 1.6 88 101 20.8 27.6 27.3 39.2 25.1 0.68 167 243 9
a6 1.5 35 150 11.7 4.0 12.6 37.6 12.5 0.63 179 279 13
a7 1.6 40 127 16.7 17.8 20.9 45.0 20.8 0.65 179 275 11
a8 4.1 51 195 9.3 10.0 11.6 26.2 12.3 0.73 190 260 9
WAP93-17, west of Conwoyto Lake, foliated gneiss
a1 3.0 102 144 15.9 4.7 17.0 130.9 26.5 0.72 277 382 18
a2 3.8 102 181 4.5 0.0 4.5 79.7 7.0 0.74 273 367 20
a3 4.3 119 151 7.5 2.1 8.0 126.7 7.5 0.75 166 220 9
a5 4.3 115 160 14.7 5.4 16.0 148.7 18.9 0.75 211 280 10
a7 1.4 41 107 4.3 1.7 4.7 265.6 5.7 0.65 208 307 20
a8 1.4 38 127 22.0 8.3 23.9 184.1 35.5 0.64 263 404 17
a9 4.3 57 160 6.8 3.6 7.6 107.3 12.5 0.74 288 382 15
a10 4.4 54 275 11.9 3.2 12.6 147.5 15.0 0.76 211 274 9
WAP93-30, Central Slave Craton, Lac de Gras, felsic volcanic
a2 11.9 73 276 23.9 10.8 26.4 148.0 24.8 0.81 169 208 5
a3 12.7 76 275 17.2 5.0 18.4 207.8 17.6 0.81 170 208 5
a4 14.1 84 249 6.7 2.7 7.3 88.9 7.9 0.82 192 231 7
a5 14.0 80 270 12.1 4.9 13.2 138.0 12.0 0.82 162 196 5
a6 20.9 89 327 17.6 6.3 19.1 128.5 18.7 0.84 175 207 5
WAP93-39, Central Slave Craton, Lac de Gras, tonalite
a2 1.9 40 219 1.2 4.6 2.3 35.1 3.0 0.67 234 344 29
a3 5.6 62 271 2.6 7.8 4.5 27.5 5.2 0.77 210 270 10
a4 1.9 51 138 1.3 5.2 2.5 22.9 2.8 0.70 200 283 23
a5 4.1 61 202 1.3 1.5 1.7 33.4 2.5 0.76 265 342 22
SP91-8, far-north on Coronation Gulf coast, Coronation Gneiss
a1 1.1 68 120 14.3 0.0 14.3 31.0 8.7 0.62 122 195 12
a4 1.3 75 112 26.5 0.0 26.5 38.7 22.5 0.64 161 251 12
a5 1.4 75 128 29.3 0.0 29.3 79.7 35.4 0.67 228 337 21
a6 1.7 34 277 3.6 3.2 4.3 24.3 3.0 0.64 128 196 12
a7 1.6 35 190 28.5 1.6 28.9 35.1 34.4 0.65 214 326 13
a8 2.0 40 157 31.7 2.0 32.1 35.4 37.9 0.67 212 314 12
a9 1.1 35 159 2.8 2.6 3.4 19.0 2.0 0.63 107 168 16
a10 1.7 38 149 7.0 4.9 8.1 20.8 7.3 0.65 162 248 12
a11 1.7 47 144 16.5 11.6 19.2 23.8 26.2 0.69 244 347 14
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a12 2.6 42 183 9.1 6.8 10.6 23.4 12.6 0.68 213 309 13
Eokuk Conglomerate, Eokuk Uplift, northern Slave, meta-conglomerate matrix
a1 2.3 41 168 28.5 4.7 29.6 39.7 34.2 0.68 208 301 11
a2 3.9 53 172 16.1 0.6 16.2 50.4 15.0 0.74 166 224 8
a3 4.0 56 162 53.4 10.8 55.9 15.4 72.6 0.74 233 312 9
a4 8.6 75 188 21.4 1.3 21.7 39.7 25.6 0.80 211 263 7
a5 9.8 84 171 12.1 0.3 12.2 34.4 14.0 0.81 206 253 7
a6 3.0 47 172 19.7 1.9 20.2 34.9 19.4 0.71 174 243 9
WAP93-55, east of Bathurst Fault, meta-sandstone
a1 5.8 65 171 12.5 0.3 12.6 61.0 20.7 0.77 292 374 12
a2 7.7 63 242 10.0 0.6 10.1 62.6 13.8 0.78 243 309 10
a3 8.5 74 192 9.9 0.2 10.0 51.3 14.9 0.80 264 328 10
a5 14.4 82 264 6.5 0.3 6.6 49.7 8.3 0.82 224 270 8
a6 6.2 54 265 14.9 0.6 15.0 72.4 21.9 0.76 260 339 11
KILOHIGOK BASIN
Rifle Siltstone Ash, Kilohigok Basin, northwest of Gordan Bay Arch
a1 1.5 39 122 13.0 2.1 13.5 218.9 19.2 0.65 251 376 17
a2 5.6 63 177 15.7 5.2 16.9 266.8 29.8 0.77 308 396 12
a3 1.6 39 198 26.6 20.6 31.5 354.6 41.3 0.67 233 342 13
a4 1.3 36 185 9.6 33.1 17.4 430.5 26.4 0.63 267 412 19
a5 2.6 51 185 22.5 25.4 28.5 457.3 38.4 0.73 238 323 11
a6 6.1 60 211 2.0 0.3 2.1 155.5 3.3 0.77 259 327 16
Western River Tuff, Kilohigok Basin, west of Bathurst fault
a3 1.1 34 124 17.1 79.1 35.7 372.1 25.6 0.59 129 217 10
a4 1.2 34 131 29.1 60.3 43.2 225.9 32.1 0.60 134 220 9
a5 2.1 45 191 17.4 90.4 38.7 308.9 33.3 0.69 156 225 8
a6 3.1 48 165 9.4 48.9 20.8 240.1 21.1 0.70 182 259 9
QUEEN MAUD BLOCK
QM94-2, Western Queen Maud Block gt-bt retrogressed granulite
a1 1.4 74 123 28.4 9.3 30.6 287.7 34.3 0.77 201 261 12
a2 0.9 67 101 70.7 48.8 82.2 135.2 107.2 0.72 235 325 14
a3 0.8 71 77 58.2 24.5 63.9 192.4 78.0 0.64 220 339 15
a4 0.7 59 97 146.2 210.0 195.6 140.9 159.9 0.67 149 221 9
a6 1.4 67 154 72.5 61.4 86.9 106.6 88.9 0.79 185 234 10
QM94-20, Central Queen Maud Block, grey gneiss
a1 3.0 43 199 4.3 0.0 4.3 292.1 4.7 0.70 183 252 13
a2 4.5 57 173 3.4 0.2 3.4 294.4 4.8 0.75 228 294 14
a3 3.3 50 164 4.8 1.2 5.1 356.3 4.6 0.72 151 203 9
a4 3.8 50 191 3.0 2.4 3.6 272.9 3.6 0.72 167 223 11
a5 1.6 41 121 3.9 0.0 3.9 271.3 3.7 0.66 161 232 16
a6 5.0 58 186 3.7 0.1 3.7 251.8 4.7 0.76 210 269 12
QM94-28, Eastern Queen Maud Block pyx granulite
a2 0.9 70 92 8.3 0.0 8.3 299.1 9.1 0.64 207 318 26
a3 1.5 73 139 25.2 3.5 26.0 387.2 23.6 0.64 162 250 13
a4 1.0 66 114 52.8 7.7 54.6 494.2 65.4 0.61 214 349 17
a5 0.7 58 97 21.2 0.0 21.2 331.5 19.3 0.56 171 300 27
a7 1.7 82 127 27.1 2.2 27.6 417.6 34.7 0.67 223 330 14
a r - radius.
b l - length. 
c Ft - alpha ejection correction of Farley et al., 1996.
d Error - 1σ propagated error from the analytical uncertainties on U, Th, and He analyses and grain-length measurements uncertainties.
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Group 1:
210 - 240 Ma
within age range
outside age range
Group 2:
240 - 300 Ma
within age range
outside age range
100°0'0"W108°0'0"W116°0'0"W124°0'0"W
A
B
CGroup 3:
300 - 365 Ma
within age range
outside age range
Figure 2. Simplified geologic maps of the northwestern Canadian shield (after Wheeler et al., 1996) with samples 
classified by mean date: (A) Group 1, 210-240 Ma; (B) Group 2, 240-300 Ma (B); and (C) Group 3, 300-365 Ma. 
Samples used for the thermal history simulations in Figure 4 are marked with red boxes. Legend for geologic units 
the same as in Figure 1.
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 AHe dates between 300 and 365 Ma. These samples broadly define a NNE-SSW corridor in the 
central and eastern Slave craton and Great Slave Lake shear zone, with two additional samples 
located east of the Bathurst Fault in the Kilohigok basin and Queen Maud Block (Fig. 1, 2C).  
 
3.3. AHe date-eU patterns 
An apatite’s He retentivity is sensitive to the fraction of radiation damage induced by U 
and Th decay in the apatite crystal; the accumulation of radiation damage increases the apatite 
He retentivity and the annealing of damage reduces it (Shuster et al., 2006; Shuster and Farley, 
2009). For some thermal histories, this effect can cause apatites with a range of effective U 
concentrations (eU, which weights the decay of U and Th concentrations as U + 0.235*Th) to 
develop effective closure temperatures that vary by several tens of degrees (Flowers et al., 2009), 
and predicts positive correlations between AHe date and eU that have been reported in a number 
of datasets (Flowers et al., 2007; Flowers, 2009; Flowers and Kelley, 2011). AHe date-eU 
correlations are most likely to develop for thermal histories characterized by protracted cooling, 
prolonged residence in the apatite He partial retention zone, and partial He loss during reheating.  
Rapid cooling or complete He loss during a reheating episode will instead induce uniform dates 
over a broad eU span. Thus, the presence or absence of date-eU correlations can provide 
important information regarding thermal histories. 
 Apatites from the 25 northwestern Canadian shield samples are together characterized by 
a large eU range, with individual eU values from 2-252 ppm and mean sample eU values from 3-
140 ppm (Fig. 3). Apatites from Group 1 and Group 3 lack AHe date-eU correlations, both when 
individual apatites are plotted for the entire group (Fig. 3A, 3C) and when correlations are 
evaluated on a sample-by-sample basis. In contrast, apatites from Group 2 display a mild positive 
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Figure 3. Individual AHe dates as a function of eU for (A) Group 1, (B) Group 2, and (C) Group 3 samples. Inset in 
(B) shows data for the Acasta gneiss samples from the western Slave craton characterized by a mild date-eU 
correlation. Inset in (C) shows the full range of eU for that group. Errors are plotted at 2σ, propagated from the 
analytical uncertainties on the U, Th, and He measurements and grain-length measurements.
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 correlation between AHe date and eU. This is evident both for a subset of samples in this group 
from the Acasta gneiss characterized by a broad eU span (inset in Fig. 3B), and to a lesser degree 
when individual apatites are plotted for the entire group (Fig. 3B). 
 
3.4. Apatite eU zonation 
AHe dates are conventionally corrected and interpreted assuming that apatites are 
unzoned in U and Th, and the dates reported in Table 1 were corrected using homogeneous 
(unzoned) α-ejection correction factors (FTH). However, application of zoned α-ejection 
correction (FTZ) factors, different He concentration gradients, and variable intracrystralline He 
retentivity due to heterogeneous radiation damage may cause AHe dates for zoned and unzoned 
apatites to differ (Farley et al., 2011). Apatites with eU-enriched cores yield AHe dates equal to 
or older than unzoned grains, and the opposite is true for apatites with eU-enriched rims (Farley 
et al., 2011).  
The effects of eU zonation are magnified by thermal histories that typify cratonic regions. 
To quantify the importance of eU zonation for AHe data interpretation, prior study acquired eU 
concentration maps for 70 apatites from 18 of the 25 samples from the northwestern Canadian 
shield (Fig. 1; Ault and Flowers, 2012). This work demonstrated that in the vast majority of 
circumstances, the unzoned apatite assumption will not lead to misinterpretation of AHe datasets. 
Fourteen of the 18 samples yield mean AHe dates that differ by < 4% if FTH is incorrectly 
applied instead of FTZ, and below we assume no eU zonation for the corrected AHe dates and 
thermal history simulations for these samples except where otherwise noted. The four samples 
with the most strongly zoned apatites yield mean corrected AHe dates that deviate by > 4% if 
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 FTH is assumed instead of FTZ, These samples are flagged in Figure 1 as samples with zonation 
patterns likely to be the most problematic of the dataset. 
 
4. SPATIAL VARIABILITY IN PHANEROZOIC THERMAL HISTORY PATTERNS 
ACROSS THE NORTHWESTERN CANADIAN SHIELD  
4.1. Thermal history simulations  
 The AHe data broadly define three NNE-SSW oriented age domains, with the youngest 
AHe dates located at the far western edge of the study area, progressing to older dates near the 
center of the Slave craton (Fig. 2). Several samples deviate from this overall pattern, possibly 
reflecting more localized fault-related or topographic effects. The trend of increasing age does 
not appear to continue eastward into the Queen Maud block, although the data density is 
insufficient to evaluate this fully.  
We carried out a series of thermal history simulations that integrate regional geologic 
constraints with the thermochronometry data to evaluate the spatial variability in time-
temperature patterns necessary to explain the first-order distribution of AHe data. Representative 
samples were selected from each age group in an E-W transect perpendicular to the overall age 
trend. Group 1 simulations used all three Wopmay samples at the western edge of the study area 
because of their close spatial proximity, overlapping mean AHe dates, and uniformity of AHe 
dates over a broad eU span (Fig. 2A, 4A). Simulations for Group 2 samples used the three Acasta 
gneiss samples from the western Slave craton that display a mild positive AHe date-eU 
correlation (Fig. 2B, 4D). Group 3 simulations used sample RSA because of its easternmost 
position along our E-W transect (Fig. 2C, 4G). Sample WAP93-17 was excluded from the Group 
3 simulations despite its position in the middle of the transect because it is characterized by 
160
100
200
300
400
0 20 40 60 80A
pa
tit
e 
(U
-T
h)
/H
e 
da
te
 (M
a)
eU (ppm)
HWA86-19 
HWA89-22 
HWA90 
100
200
300
400
0 20 40 60 80A
pa
tit
e 
(U
-T
h)
/H
e 
da
te
 (M
a)
eU (ppm)
SAB91-7 
SP88-405 
SB91-37 
100
200
300
400
0 20 40 60 80A
pa
tit
e 
(U
-T
h)
/H
e 
da
te
 (M
a)
eU (ppm)
RSA 
Figure 4. AHe date as a function of eU for the simulated apatites in (A) Group 1, (D) Group 2, and (G) Group 3. 
Errors are plotted at 2σ, propagated from the analytical uncertainties on the U, Th, and He measurements and 
grain-length measurements. Inverse modeling simulation results are represented as constraint points or the local 
temperature maxima in each designated temperature-time domain for (B) Group 1, (E) Group 2, and (H) Group 3 
and as individual temperature-time paths for (C) Group 1, (F) Group 2, and (I) Group 3. Good fits = dark grey 
points and paths; acceptable fits = light grey points and paths. The bold black line = “best fit” thermal history. 
Black rectangles are the imposed time-temperature constraints based on geologic information. The minimum T
peak
 
in Paleozoic-Mesozoic time and the youngest date at which that temperature could have been attained based on the 
good fit results are marked with solid red and dashed green lines, respectively. The maximum T
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 anomalously large dispersion (20% sample standard deviation) uncorrelated with apatite eU or 
grain size. The excess scatter in this sample may be due to apatites characterized by some of the 
strongest eU zonation of the entire dataset (as noted in Fig. 1). We also performed simulations of 
the two Great Slave Lake shear zone samples in Group 3 located at the southern edge of the 
study area, significantly south of the other simulated samples, because these two samples are 
characterized by apatites with anomalously high eU (most >100 ppm; Fig. S1A). As described 
further in the supplemental material, the results confirm that the Great Slave Lake shear zone 
samples yield thermal histories (Fig. S1B, C) consistent with the other Group 3 samples, and we 
therefore do not discuss these results further below.  
 The following geologic constraints were used to define bounds on the thermal history 
simulations, and are described in detail in Ault et al. (2009). Key constraints on the Proterozoic 
thermal history include Proterozoic 40Ar/39Ar and K-Ar biotite dates from the southwestern Slave 
craton and Great Bear Magmatic Zone (Lowden, 1961; Stockwell et al., 1970; Bethune et al., 
1999), Paleoproterozoic sedimentary rocks locally up to 15 km thick in the Wopmay passive 
margin, Kilohigok basin, Hornby Bay Group, and Great Slave Supergroup (Bowring and Ross, 
1985; Hoffman, 1988; Bowring and Grotzinger, 1992), and inferred emplacement depths for the 
1270 Ma Mackenzie Dykes in excess of 8.5 km (Barager et al., 1996). Based on this information, 
thermal history simulations begin at 1270 Ma, when the geological constraints indicate that the 
rocks were at depths too great for apatite retention of radiation damage. The time interval 
between 1270 Ma and onset of reburial in the Cambrian is included in the simulations to account 
for any radiation damage accumulated during that time that might increase the minimum 
Phanerozoic reheating temperatures. Three constraints bearing on the Paleozoic-Mesozoic 
thermal history include a regional unconformity of Cambrian rocks on Precambrian basement 
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 (Wheeler et al., 1996), preserved Cambrian-Devonian sedimentary rock thicknesses in the 
WCSB (Hamblin, 1990; Stott, 1991), and the presence of Paleozoic sedimentary rock xenoliths 
in Slave craton kimberlites (Pell, 1996; Cookenboo et al., 1998; Heaman et al., 2004). The 
simulations therefore assume cooling to near-surface temperatures prior to Cambrian deposition.  
We impose a maximum Paleozoic temperature of 140 °C, which we consider a reasonable upper 
estimate, although the only solid upper bound is derived from the Proterozoic 40Ar/39Ar and K-
Ar biotite dates indicating temperatures <300 °C since Proterozoic time. The Cretaceous to 
present segment of the thermal history is constrained by a regional unconformity of Early 
Cretaceous strata on Cambrian sedimentary rocks in the WCSB (Wheeler et al., 1996), 
Cretaceous sedimentary xenoliths in Cretaceous through Early Tertiary kimberlites (Nassichuk 
and McIntyre, 1995; Sweet et al., 2003; Stasiuk et al., 2006), and the crater facies nature of 
kimberlite pipes in the Lac de Gras kimberlite field (Pell, 1997; Field and Scott-Smith, 1999). 
Simulations for this segment of the thermal history begin with the Early Cretaceous 
unconformity, permit significant Cretaceous reheating, and impose a maximum Tertiary 
temperature of 40 °C based on the information gleaned from the kimberlite-hosted sedimentary 
xenoliths. In summary, these constraints suggest two potential phases of Phanerozoic reheating 
during burial of the northwestern Canadian shield in Cambrian-Jurassic and Cretaceous-Early 
Tertiary times.  
Thermal history simulations use the inverse modeling capabilities of HeFTy (Ketcham, 
2005) and the radiation damage accumulation and annealing model (RDAAM, Flowers et al., 
2009). Details of input parameters for all simulations are described in the supplemental material. 
We combined the apatites for the selected samples in each AHe age group to exploit a wider eU 
range than would be provided by any one sample. For each simulation, we subdivided the 
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 apatites into three subgroups with eU values < 25 ppm, 25-50 ppm, and > 50 ppm. For most 
simulations, we input the mean AHe date and 1σ standard deviation, mean U and Th, and mean 
equivalent spherical radius for each subgroup as constraints in the thermal history simulations. 
Initial simulations assume no apatite eU zonation, and we subsequently evaluate the potential 
impact of this effect on the results. Simulation results are shown in Figure 4 for the Phanerozoic 
portion of the thermal history both as constraint points (B, E, H), or the local temperature 
maxima in each temperature-time domain required to explain the data, and as individual 
temperature-time paths (C, F, I). Results include both “good” and “acceptable” fits to the data 
(see Ketcham, 2005; Ketcham et al., 2009 for statistical significance of these fits). References to 
temperatures below are based on the “good” fit results.  
 
4.2. Constraints on the Phanerozoic thermal history of the northwestern Canadian shield 
The simulation results place several important constraints on thermal history patterns 
across the northwestern Canadian shield. First, all samples demand mid-Paleozoic peak reheating 
temperatures (Tpeak) >88-90 °C that induced complete He loss from the apatites (Fig. 4B, E, H). 
The broad uniformity of AHe dates regardless of eU for each age group is consistent with total 
He loss at Tpeak, because partial He loss would predict a pronounced date-eU correlation (Fig. 
4A, D, G). Although a maximum bound on Tpeak cannot be resolved from the AHe data, 
temperatures could not have exceeded ~300 °C based on Proterozoic 40Ar/39Ar and K-Ar biotite 
dates in the region. This result is consistent with that of Ault et al. (2009) for the western Slave 
craton and Wopmay orogen, but greatly expands the documented extent of these minimum peak 
temperatures to encompass the entire Slave craton and Queen Maud block (~ 650 km further 
east, and ~ 300 km north and south of the previous dataset). 
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 Second, the simulations document an important spatial heterogeneity in the timing of 
Paleozoic-early Mesozoic cooling across the study area. Although all the simulation results in the 
transect are characterized by a phase of reheating beginning in the Cambrian, reaching a zenith in 
the Paleozoic-early Mesozoic, and cooling to near surface conditions by the end of the Jurassic, 
the timing of the cooling phase is oldest in the eastern part of the Slave craton and is generally 
younger westward (Fig. 4). For example, the minimum date at which Tpeak could have been 
attained drops from ~345 Ma for Group 3 to ~285 Ma and ~230 Ma for Group 2 and 1 samples, 
respectively, as one moves westward across the craton (Fig. 4B, E, H). Similarly, the time of 
cooling through temperatures of 70 and 50 °C decreases westward, as illustrated by comparing 
the individual thermal histories predicted for each group (Fig. 4C, F, I). For example, cooling 
through 70°C is bracketed between ~360-330 Ma for the Group 3 simulation, ~330-275 Ma for 
Group 2, and ~295-215 Ma for Group 1.  
Third, the results establish that Cretaceous reheating was less significant than Paleozoic 
reheating across the entire northwestern Canadian shield. The simulations limit maximum 
Cretaceous temperatures to < 51-74 °C (Fig. 4B, E ,H), and do not require any Cretaceous 
reheating to explain the results. The maximum temperature bound is at or just below those 
temperatures required to induce partial He loss from the lowest eU apatites in each simulation.  
Partial He loss in the Cretaceous would induce a strong date-eU correlation that is not observed 
in the data. This point is further demonstrated by a suite of simulations that are the same as those 
in Figure 4 except for omission of the Cretaceous reheating phase (Fig. S2). The sets of 
simulations with and without Cretaceous heating yield essentially identical results for the pre-
Cretaceous history, which would not be the case if partial He loss in the Cretaceous strongly 
influenced the simulation results.  
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 We explored the potential role of eU zonation on the results described above by carrying 
out a series of forward models for those samples for which we have quantitative eU zoning 
information (Ault and Flowers, 2012). Although the AHe dates and eU maps were acquired on 
different crystals, the zonation data are likely representative of the dated grains. We used the 
best-fit thermal history obtained from the inverse modeling simulation for each group (Fig. 4B, 
E, H) to predict the AHe dates for apatites with zoning information. The predicted AHe dates for 
the zoned apatites show total overlap with the results for the dated grains on plots of AHe date 
versus eU (Fig. 5). For example, we have zoning data for 7 apatites from two of the three Acasta 
gneiss samples in Group 2 used for the inverse simulations, and the predicted dates for the zoned 
grains yield a mild date-eU correlation consistent with the pattern of the 10 dated apatites from 
those same two samples (Fig. 5B). This outcome indicates that the assumption of no apatite eU 
zonation for the inverse thermal history simulations in Figure 4 does not have a major impact on 
the results. 
 
5. DISCUSSION 
5.1. Phanerozoic burial and unroofing patterns 
Estimates of both modern and past surface heat flow across the study area provide 
constraints on geotherms, which we use to convert the thermal histories in Figure 4 to burial and 
unroofing histories. Modern heat flow values from the southwestern Slave craton near 
Yellowknife and from the central Slave craton near Lac de Gas are 53 mW/m2 (Lewis and Wang, 
1992) and 46 mW/m2 (Mareschal et al., 2004), respectively. Heat flow estimates for the Taltson-
Thelon orogen and Queen Maud Block are 55-59 mW/m2 (Blackwell and Richards, 2004). A 
mid-Jurassic paleo-heat flow estimate for the north-central Slave craton is ~54 mW/m2 based on 
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 geothermobarometry of mantle xenoliths entrained in the 173 Ma Jericho kimberlite  (Russell 
and Kopylova, 1999). Comparison with modern heat flow values in this area suggests that heat 
flow has remained fairly constant since kimberlite emplacement. Additional pressure-
temperature constraints from mantle xenoliths in kimberlite pipes spanning 550-55 Ma also 
suggest that the Slave craton geotherm has not changed appreciably over Phanerozoic time 
(Canil, 2008). These heat flow values are broadly consistent with a geothermal gradient of ~20 
°C/km, in line with typical cratonic geotherms (e.g., Rudnick et al., 1998). In contrast, heat flow 
in Wopmay orogen is markedly higher than elsewhere in the study area, with values of 90 ± 15 
mW/m2 from boreholes west of Great Bear Lake, likely attributable to elevated basement heat 
production (Lewis et al., 2003). This heat flow value implies a geotherm on the order of 
~40°C/km, approximately double that considered typical for cratons (Rudnick et al., 1998). 
Total Paleozoic-early Mesozoic burial depths of ≥ 4.4 km are required throughout the 
Slave craton, Taltson-Thelon orogen, and Queen Maud Block based on the minimum peak 
temperature of 88 °C in this time interval constrained by the thermal history simulations (Fig. 4), 
employing a 20 °C/km geotherm, and using a modern mean annual surface temperature of 0 °C. 
A higher geotherm of 40 °C/km for Wopmay orogen yields a minimum burial depth of 2.2 km in 
this western portion of the study area, with results permissive of the greater burial depths 
estimated for the remainder of the region. This analysis indicates that most of the 900 km x 600 
km area of the northwestern Canadian shield study area was buried by at least 4.4 km of 
sedimentary rocks in Paleozoic time, with significant deposition ~900 km east of the modern 
limit of Paleozoic strata west of the study area, and total thicknesses that exceeded those of 
Paleozoic units currently preserved in the WCSB. 
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  Unroofing of Paleozoic units appears to have occurred in a wave that began in the eastern 
Slave craton and progressed westward. Assuming a 20 °C/km geotherm and using the timing of 
cooling through 70 °C constrained by the thermal history simulations indicates unroofing to 
within 3.5 km of the surface between 360-330 Ma for Group 3 samples in eastern and central 
Slave (Fig. 4I) and between ~330-275 Ma for Group 2 samples in western Slave (Fig. 4F). 
Similarly, unroofing to 2.5 km depth (cooling through 50 °C) is distinctly older for eastern 
(Group 3, ~350-305 Ma) than western (Group 2, ~300-200 Ma) Slave craton samples. It is 
unclear whether unroofing further west in Wopmay orogen is still younger than that elsewhere in 
the region because the higher geothermal gradient in Wopmay can account for the younger 
timing of cooling in this area.  For example, unroofing to a depth of 2.5 km would correspond to 
a temperature of 100 °C when applying the Wopmay geotherm of 40 °C/km. This temperature 
higher than what we can temporally constrain using the AHe data. 
A maximum Cretaceous burial depth of < 2.6 to 3.7 km throughout most of the study area 
is imposed by the maximum temperatures of 51-74 °C in this time interval derived from the 
thermal history simulation results (Fig. 4), when using the same geotherm and surface 
temperature constraints above. The higher Wopmay geotherm reduces the maximum burial depth 
to ~1.3 km, which may be a more accurate maximum estimate for the larger region. The presence 
of sedimentary xenoliths ranging in age from ~105 to ~45 Ma based on organic matter, pollen, 
and microfossil information in the Late Cretaceous-Early Tertiary Lac de Gras kimberlite pipes 
(Nassichuk and McIntyre, 1996; Sweet et al., 2003), require that strata of this age covered the 
central Slave craton in the past. Thermal maturation and vitrinite reflectance data from mudstone 
xenoliths in the oldest sedimentary xenoliths indicate burial of ~1.4 km prior to entrainment in 
the kimberlites (Stasiuk et al., 2006), consistent with our mid-Cretaceous thickness estimates, 
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 especially the bound imposed by the Wopmay samples. In contrast, similar data from the Late 
Paleocene-Early Eocene sediments indicate thickness of only 200-500 m, suggesting significant 
erosion of the sedimentary cover between 105 and 45 Ma (Stasiuk et al., 2006). This is broadly 
consistent with the phase of unroofing following Cretaceous burial derived from thermal history 
simulations. The crater facies nature (Field and Scott-Smith, 1999) and the presence of wood 
(Nowicki et al., 2004) in the youngest (ca. 45-55 Ma) Lac de Gras kimberlites suggests limited 
erosion (no more than several hundred meters) has occurred since this kimberlite emplacement. 
 
5.2. Phanerozoic elevation change history 
 The burial and unroofing pattern inferred from our expanded northwestern Canadian 
shield AHe dataset, when linked thermochronometry data published previously for the central 
Churchill province (Flowers, 2009) and Trans-Hudson orogen (Flowers et al., 2012), widens the 
region of substantial Paleozoic-early Mesozoic burial and unroofing to encompass most of the 
western Canadian shield. Prior work demonstrated that this history is opposite that expected from 
long-term sea level rise and fall, thereby eliminating eustasy as the sole control and requiring 
vertical cratonic motions to explain the regional distribution of data (Flowers et al., 2012). The 
new results document that a larger portion of the shield experienced these vertical displacements, 
and also raise the possibility that the westward wave of unroofing across the Slave craton reflects 
the progression of surface uplift across the region.  
Additional observations allow us to extend the constraints on the Canadian shield 
elevation change history to still younger times. Cretaceous (~105-100 Ma) mudstone xenoliths 
entrained in the ca. 75-45 Ma Lac de Gras kimberlites of the central Slave craton are indicative 
of a marine depositional environment based on pollen assemblages and kerogen types 
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 (Nassichuk and McIntyre, 1996; Stasiuk et al., 2006). This information requires that the region 
was at sea level at ca. 100 Ma. In contrast, modern elevations in the central Slave craton are 
~550-600 m above present day sea level (Fig. 6). Even accounting for Cretaceous sea levels 
estimated to have been as much as 100 to 250 m higher than today (Watts and Steckler, 1979; 
Haq and Al-Qahtani, 2005; Miller et al., 2005; Müller et al., 2008), at least 300-350 m of post-
100 Ma elevation gain is required for the Slave craton. Late Cretaceous-Paleocene sedimentary 
xenoliths in the same suite of central Slave kimberlites contain microfossils, leaves, wood, and 
turtle bones indicative of a terrestrial environment by ca. 65 Ma (Nassichuk and Dyck, 1998). It 
is unclear if the transition from marine to sub-areal depositional environment recorded by the 
sedimentary xenoliths is a consequence of surface uplift or declining sea levels during this time 
frame (e.g., Watts and Steckler, 1979; Haq and Al-Qahtani, 2005; Miller et al., 2005).  
 
5.3. Tectonic and geodynamic controls on Phanerozoic vertical motions 
5.3.1. Summary of Phanerozoic plate margin activity 
 To evaluate mechanisms responsible for the burial, unroofing, and vertical motion history 
constrained in the previous section, we first summarize the major Phanerozoic plate margin 
activity and subsequently consider their potential influence on the northwestern Canadian shield. 
The Paleozoic-Mesozoic sequence of subsidence and surface uplift is temporally coincident with 
the assembly and breakup of the supercontinent Pangea (Scotese, 2001; Stampfli and Borel, 
2002). During Pangea amalgamation, the Laurentian continent was mostly bounded by 
subduction zones (e.g., Scotese, 2001). Previous work has demonstrated that even distal plate 
boundaries like the Appalachian orogen ~3000 km from the Slave craton can influence the 
vertical motions of continental interiors through dynamic topography induced by changing 
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 mantle flow regimes (e.g., Hager et al., 1985; Mitrovica et al., 1989; Zhang et al., 2012). For this 
reason, we outline the Phanerozoic histories of the northern, western, and southeastern margins 
of North America (present-day coordinates). Key events from each boundary are enumerated 
chronologically in Figure 7 and the locations of convergent deformation are shown in Figure 8. 
Protracted Appalachian orogenesis characterized the southeastern margin of Laurentia during 
this time frame and is not described in detail below as it is fairly well-constrained (Fig. 7 and 8A; 
e.g., Scotese, 2001; Cocks and Torsvik, 2002; Stampfli and Borel, 2002; Hatcher Jr., 2010). 
However, there is some ambiguity in the histories for the northern and western plate margins, 
located ~600 km and 250 km, respectively, from the edges of the northwestern Canadian shield 
study area, so we discuss these boundaries in more detail here. 
The precise nature of the northern paleo-plate margin of Laurentia preserved in the 
modern Canadian Arctic Archipelago is debated. Although some Pangea assembly plate 
reconstructions place an inferred active boundary there (Stampfli and Borel, 2002), others do not 
(e.g., Scotese, 2001). Researchers contend that the Canadian Arctic platform was the site of 
contractional deformation known as the Franklinian orogen from ca. 440 to 330 Ma (Fig. 7 and 
8; e.g., Trettin, 1991). The Franklinian mountain belt has been included in recent Laurentian 
paleographic and sediment transport reconstructions (Gehrels et al., 2011). In addition, 
Franklinian foreland basin sediments are inferred to be derived from the ca. 450-350 Ma 
Caledonian orogenic system bounding eastern Greenland (Fig. 8A; Higgins et al., 2008) on the 
basis of Nd isotopic signatures (Patchett et al., 2004). Geochemical analysis of fine-grained 
shales preserved in the WCSB and paleo-current data from Arctic platform sediments suggest 
that detritus from the Caledonian-Franklinian system dominated the sediment supply in the 
Paleozoic-Mesozoic and that such material was transported south across the Canadian shield 
173
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 (Boghossian et al., 1996; Garzione et al., 1997; Patchett et al., 1999). Although the details of the 
lithospheric structure and subduction zone polarity of this orogen are not known (Pease et al., 
2011), we include the Franklinian boundary as a possible influence on Slave craton vertical 
motions (Fig. 7 and 8) as recent research suggests that it is a region of active plate margin 
tectonism during the Paleozoic-early Mesozoic and a potential source of far-traveled sediment. 
 Most workers agree that the western Laurentian plate margin has been broadly 
characterized as a continent-ocean plate boundary since the Neoproterozoic (e.g., Monger and 
Price, 2002) following intra-continental rifting and the break-up of the former Rodinian 
supercontinent (e.g., Bond et al., 1984; Lund, 2007). However the details of accreted exotic 
terrane accretion and the polarity of subduction from the Devonian through the Triassic are 
contested (Colpron et al., 2007; Johnston, 2008), as details of this geologic history have been 
overprinted and obscured by Cretaceous deformation, metamorphism, and magmatism (Fig. 8; 
Dickinson, 2004). Some research suggests that the western Laurentian plate boundary was the 
site of orogenesis throughout the Paleozoic-Early Mesozoic. For example, the Antler Orogeny 
marked a phase of contractional deformation in Nevada and Idaho in the Devonian-Early 
Mississippian (e.g., Nilsen and Stewart, 1980; Burchfiel and Royden, 1991), and correlative 
deformation has been hypothesized for the northern Cordillera (Smith et al., 1993). Subduction 
and arc magmatism in the Yukon-Tanana terrane of present-day Alaska, British Columbia, and 
the Yukon over this same time interval have been postulated (e.g., Piercey et al., 2004; Colpron 
et al., 2007). The Yukon-Tanana terrane is inferred to have rifted from Laurentia beginning ca. 
360 Ma with the development of an intervening ocean basin (Fig. 8; Dusel-Bacon and Cooper, 
1999; Piercey et al., 2004). Closure of this ocean basin and collision between the Yukon-Tanana 
terrane and cratonic North America initiated ca. 300 Ma (Creaser et al., 1999; Colpron et al., 
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 2007), with terminal accretion by 215 Ma based on paleomagnetism evidence (Symons et al., 
2009). The Late Triassic through Jurassic is characterized by subduction and accretion of 
autochthonous and allochthonous terranes (e.g., Wrangelia) along the length of the Canadian and 
U.S. Cordillera (Monger and Price, 2002; Dickinson, 2004). The interpretations above are 
summarized in Figure 7 and depicted in Figure 8. We note, however, that an alterative and less 
widely accepted view of the western margin is that it was largely passive throughout the 
Paleozoic-early Mesozoic, with Canadian Cordillera formation from the ca. 150-50 Ma collision 
of a single, composite ribbon continent characterized by a separate allochthonous 
tectonomagmatic history to Laurentia (Johnston, 2008). 
 
5.3.2. Potential causes of Phanerozoic vertical motion history 
The information above allows us to assess potential geodynamic and tectonic causes of 
the vertical motion history of the northwestern Canadian shield. The broad length-scale of the 
Paleozoic-Mesozoic component of this record over the entire western Canadian shield, its distal 
location from active plate boundaries, and the absence of crustal deformation suggest that plate 
tectonics is not the primary cause of elevation change. Rather, this history compares favorably 
with the vertical motions predicted for this region by a three-dimensional model of global 
thermochemical mantle convection coupled with surface plate motions (Zhang et al., 2010; 
Zhang et al., 2012), suggesting that dynamic topography induced first by cold mantle 
downwellings and then warm mantle upwellings during the assembly and break-up of the 
Pangean supercontinent is a viable first-order explanation for the elevation change history 
(Flowers et al., 2012; Zhang et al., 2012). We can use the broader AHe dataset from the 
northwestern Canadian shield to consider refinements to the dynamic model of Zhang et al., 
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 (2010; 2012). Peak temperatures during Paleozoic-early Mesozoic time were lowest in the Trans-
Hudson Orogen and central Churchill region and higher in the Slave craton, suggesting greater 
burial depths to the northwest. However, the geodynamic model predicts lesser subsidence to the 
northwest, inconsistent with this burial pattern (Flowers et al., 2012). The geodynamic model of 
Zhang et al. (2010) uses the plate tectonic reconstructions of Scotese (2001), which do not 
include an active plate boundary along the northern margin of Laurentia between ~450 and 350 
Ma. However, as discussed in the previous section, alternative reconstructions consider the 
northern boundary to be the site of the Franklinian orogen during this time frame. Including this 
boundary with south-directed subduction beneath the Arctic Platform and northern Canadian 
shield in the dynamic model may help explain the observed data pattern for several reasons. 
First, enhanced subsidence in the north might be expected due to superimposed downward 
mantle flow associated with subduction, analogous to the effects induced by subduction along 
the Appalachian plate margin in the existing model. Second, greater subsidence may have been 
induced by the secondary tectonic influence of long-wavelength lithospheric flexure associated 
with the northern margin (e.g., Watts, 1992; Watts et al., 1995). Finally, the greater burial depths 
inferred for the northwestern Canadian shield could reflect closer proximity to high topography 
associated with the Franklinian and Caledonide orogens that provide a northern sediment source 
(Fig. 8), as suggested by isotopic and geochemical studies of preserved Paleozoic sediments in 
the WCSB (e.g., Patchett et al., 1999; Patchett et al., 2004). 
 In contrast to the possible control of the northern boundary on the Paleozoic burial and 
subsidence history, the NNE-SSW orientation of the AHe age domains suggests that subsequent 
unroofing migrated from east to west across the Slave craton, implying that unroofing was 
influenced by activity along the western plate boundary located > 800 km from the western edge 
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 of the study area (Fig. 4, 8B). This is supported by evidence for subduction followed by collision 
of the Yukon-Tanana terrane along the western plate boundary (Fig. 7, 8), and by the inferred 
cessation of major tectonism in the Franklinian orogen (Fig. 7). Thus, the transition from burial 
to unroofing may mark a change from predominantly northern to western plate boundary 
controls on continental interior processes, and a possible change in associated thermal and 
mantle flow regimes that influenced vertical motions of the craton. 
During the Cretaceous phase of Slave craton deposition and erosion, Cordilleran 
orogenesis occurred along the entire western plate boundary of North America (Fig 7, 8). Post-
100 Ma elevation gain of the Slave craton is consistent with previous recognition by Bond 
(1978) that much of the North American continent must have resided at lower elevations in mid-
Cretaceous time.  Close to the Cordilleran plate boundary, deformation, foreland subsidence, and 
sediment accumulation in the WCSB dominated the surface and crustal processes. Over longer 
wavelengths, it is possible that Slave craton burial was caused by subsidence-induced mantle 
flow coupled to a negatively buoyant shallowly subducting slab, with subsequent surface uplift 
associated with resumption of steeper subduction, as invoked by Mitrovica et al. (1989) to 
explain the broad subsidence of the Western U.S. over this same time interval. More recent 
dynamic models predict Cretaceous flooding due to dynamic subsidence as far north as the 
central Churchill province (Spasojevic et al., 2009). 
 
5.4. Implications for kimberlite distribution and preservation 
 The modern distribution of kimberlites in cratons may be controlled not only by the 
primary patterns of pipe emplacement, but also by the subsequent denudational history.  
Kimberlite emplacement is likely influenced by the architecture of cratonic lithosphere, and 
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 pipes commonly appear to repeatedly exploit lithospheric-scale structures that may be long-lived 
zones of weakness (e.g., White et al., 1995; Jelsma et al., 2009). In the Slave craton, Poudjom 
Djomani et al. (2005) suggest a spatial connection between kimberlites pipes that define a N-S 
trend through the central craton and a steep gradient in effective elastic thickness that broadly 
corresponds to the Pb and Nd isotopic boundaries of Thorpe et al. (1992) and Davis and Hegner 
(1992) and the mapped eastern extent of the Central Slave Basement Complex (Fig. 6; Bleeker 
and Davis, 1999). The Siluro-Ordovician kimberlites of the southwestern Slave craton occur 
outboard of the inferred craton boundary, but also form a N-S lineament paralleling the Beniah 
Lake fault, a major intra-Slave crustal-scale fault system (Heaman et al., 2004). The position of 
the Lac de Gras kimberlites, the site of the most voluminous kimberlite magmatism in the Slave 
craton, is spatially coincident with a recently imaged seismic discontinuity (Fig. 6; Chen et al., 
2009) that is interpreted to reflect metasomatized mantle from a Paleoarchean (~3.5 Ga) 
subduction zone (Chen et al., 2009). 
 A little considered but potentially important additional control on the modern kimberlite 
distribution in the Slave craton is the erosional history since emplacement. Kimberlite activity 
occurred throughout much of the Phanerozoic, with episodes dated in Cambrian, Siluro-
Ordovician, Permian, Jurassic, Cretaceous, and Eocene times. Although a comprehensive 
database of kimberlite ages does not yet exist for the Slave craton, existing data show an absence 
of kimberlite ages between ~435 and 173 Ma (Fig.6; Armstrong et al., 2004; Creaser et al., 2004; 
Heaman et al., 2004; Heaman et al., 2006). This period lacking kimberlites is generally assumed 
to reflect an interval of little or no kimberlite magmatism. However, the burial and denudation 
history proposed here can explain both the lack of kimberlites of this age range, as well as the 
erosion levels of the older and younger preserved pipes. Slave kimberlites are relatively small, 
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 steep-sided volcanic bodies that typically do not exceed 600-700 m in vertical extent (Field and 
Scott-Smith, 1999). The ~250 myr interval without kimberlites coincides with the period of 
major burial and subsequent unroofing inferred from the thermochronometry data. Any 
kimberlite emplaced during this time into strata >700 m thick would have been subsequently 
eroded away. Kimberlites of the ca. 540 Ma southeastern and ca. 450 Ma southwestern fields are 
diatreme facies (Field and Scott-Smith, 1999), indicative of deeper pipe erosion levels. The 
preservation of these pipes is consistent with intrusion into a relatively thin veneer of 
sedimentary rocks during the early part of the burial phase, with later removal of the sedimentary 
cover responsible for denudation of the upper part of the pipe. The 173 Ma Jericho kimberlites 
are also characterized by diatreme facies (Field and Scott-Smith, 1999). These pipes were 
emplaced during the latter part of the inferred early Mesozoic unroofing history, and can also be 
explained by emplacement into a thin cover of sedimentary rocks that were then eroded away 
together with the shallowest portion of the pipe. In contrast, the crater facies nature of the ca. 75-
45 Ma Lac de Gras kimberlites (Field and Scott-Smith, 1999) records limited erosion following 
pipe emplacement, indicating intrusion after the second Cretaceous phase of unroofing. The 
recognition that additional kimberlites may have erupted in the Slave craton but are not 
preserved owing to the erosion history has implications for diamond exploration as well as for 
regional and global spatio-temporal kimberlite compilations that serve as the basis for models of 
kimberlite genesis and emplacement. 
There is an intriguing general coincidence between the broad N-S corridor of elevated 
topography (500-600 m) in the central Slave and the preserved distribution of kimberlites (Fig. 
6). This pattern suggests a possible genetic relationship between the two, either with kimberlite 
generation favored beneath the most buoyant part of the Slave craton or the kimberlite 
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 production process contributing to reduction of the cratonic lithosphere density. Alternatively, 
the spatial correlation may merely reflect less erosion of the more intact bedrock of the Slave 
craton where the kimberlites were emplaced, with preferential erosion of the more fractured 
bedrock of the shear zones and orogens encircling the craton by river systems and the repeated 
advance and retreat of Quaternary ice sheets.  
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Supplemental Material 
 
(U-Th)/He Analytical Methods 
Single crystals of apatite were selected based on morphology, clarity, and lack of 
inclusions using a binocular microscope with crossed polars at the University of Colorado at 
Boulder. Prior to analysis, apatite grains were photographed, their dimensions measured, and 
individual crystals were packaged in Pt packets. He degassing and U-Th-Sm analysis were 
conducted at the California Institute of Technology. Apatites were first laser heated to 1065 °C 
for eight minutes (House et al., 2000). Extracted He gas was spiked with 3He, purified using 
cryogenic and gettering methods, and analyzed on a quadrupole mass spectrometer. The 
degassed apatites were retrieved, spiked with a 235U-230Th-145Nd-51V tracer, dissolved in HNO3 at 
~90 °C for 1 hour, and analyzed on an Agilent 7500 Series ICP-MS. The apatite mass was 
computed as the dimensional mass from the apatite radius and length measurements (Table 1). 
This dimensional mass was used to calculate the apatite U, Th, and Sm concentrations. 
Fragments of the Durango apatite standard were analyzed by the same procedures with the batch 
of unknowns. A hexagonal prism morphology was used as a reasonable approximation for the 
alpha-ejection correction (Farley et al., 1996). AHe dates were determined assuming that the 
grains were unzoned in U, Th, and Sm. 
 
Thermal history simulations 
Thermal history simulations use the inverse modeling capabilities of HeFTy v. 1.7.4 
(Ketcham, 2005) and the radiation damage accumulation and annealing model (RDAAM, 
Flowers et al., 2009). Temperature-time constraint domains were defined as described in the 
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main text and as outlined more fully in Ault et al. (2009). Details of model parameters for all 
simulations are outlined in Table S1. 
 
Table S1: Input Parameters for HeFTy (version 1.7.4)  
Parameters Option/value Units 
Model Flowers et al., 2009; RDAAM  
calibrations other  
model precision best  
activation energy 29.23 kcal/mol 
Do 0.6071 cm2/sec 
alpha calculation redistribution  
trapping? yes  
Et 8.126 kcal/mol 
Ψ 1.00E-13 cm2/N 
κ 1.00E-22  
anneal traps? FTs  
rmr0 0.83  
age alpha correction Ketcham et al., 2009  
segment parameters 2G, gradual  
tT  paths attempted 
10,000 for all except RSA, which used 50,000 paths 
to achieve more statistical fits to the data 
AHe date uncertainties 
1σ for each eU subgroup except RSA, which used 
2σ to be more comparable to the other uncertainties 
 
 
Great Slave Lake shear zone samples MegLa and HVAMeg (Group 3) 
 Thermal history simulations of Group 3 samples MegLa and HVAMeg from the Great 
Lake shear zone were conducted because of their broad eU range and location at the southern 
edge of the study area. MegLa and HVAMeg apatites have eU values ranging from 33 to 252 
ppm, with 8 of the 14 apatites yielding eU values that exceed 100 ppm (Fig. S1A). Neither 
sample shows a date-eU correlation (Fig. S1A), consistent with other Group 3 samples (Fig. 3C). 
The thermal history simulation setup for the Great Slave Lake shear zone samples is identical to 
that for the other samples described in the text. However, to account for the broader eU span, we 
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Figure S1. AHe data and thermal history simulation results for Group 3 samples MegLa and HVAMeg. (A) AHe 
date as a function of eU, with errors for individual apatites plotted at 2σ. Inverse modeling simulations for the 
Phanerozoic portion of the thermal history both with (B) and without (C) a phase of Cretaceous reheating. Results 
represented as constraint points or the local temperature maxima in each designated temperature-time domain and 
as individual temperature-time paths. Good fits = dark grey points and paths; acceptable fits = light grey points and 
paths. The bold black line = “best fit” thermal history. Black rectangles are the imposed time-temperature 
constraints based on geologic information. The minimum Tpeak in Paleozoic-Mesozoic time and the youngest date at 
which that temperature could have been attained based on the good fit results are marked with solid red and dashed 
green lines, respectively. The maximum Tpeak in the Cretaceous based on the good data fits is highlighted with a blue 
line. The maximum and minimum times at which the good fit paths intersect the 70°C (lower orange line) and 50°C 
(upper orange line) isotherms also shown. (D) AHe date as a function of eU predicted by the best-fit thermal 
histories from the inverse simulations in (B) for the apatites with eU zonation data.
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instead use eU subgroups of < 75 ppm, 75-150 ppm, and > 150 ppm. Thermal history simulation 
results derived from the AHe data that include and omit a phase of Cretaceous reheating (Fig. 
S1B and S1C, respectively) are similar to those predicted for the other Group 3 sample, RSA 
(Fig. 4H and 4I, Fig. S2H and S2I). The Great Slave Lake simulations require a mid-Paleozoic 
Tpeak of 88°C no later than ~325 Ma, with maximum Cretaceous peak temperatures of 82 °C. 
Removing the Cretaceous reheating phase has negligible effect on the time and minimum peak 
temperature of the Paleozoic-Mesozoic heating phase. The higher eU and thus more He retentive 
character of the Great Slave Lake apatites leads to the less restrictive nature of the simulation 
results at temperatures < 80 °C relative to simulation results for the lower eU apatites from 
Group 3 sample RSA. Forward models of zoned apatites from the MegLa and HVAMeg samples 
(Ault and Flowers, 2012) using the best-fit thermal history from the inverse simulations predict 
AHe dates for the zoned apatites that completely overlap with the dated grains in a plot of AHe 
date vs. eU (Fig. S1D). As with the other samples (Fig. 5), this observation indicates that our 
assumption of no eU zonation for the thermal history simulations does not significantly impact 
our results.  
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Figure S2. AHe date as a function of eU for the simulated apatites in (A) Group 1, (D) Group 2, and (G) Group 3. 
Errors for the individual apatites are plotted at 2σ. Inverse modeling simulation results for the Phanerozoic portion 
of the thermal history without a phase of Cretaceous reheating are represented as constraint points or the local 
temperature maxima in each designated temperature-time domain for (B) Group 1, (E) Group 2, and (H) Group 3 
and as individual temperature-time paths for (C) Group 1, (F) Group 2, and (I) Group 3. Refer to caption S1 for 
additional details.
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 ABSTRACT 
The coupling of two new approaches enabled acquisition of U-Pb data from zircons as 
small as 5 µm in situ within a metamorphosed mafic dike in the Northern Madison Range, 
Montana. Despite negligible zircon yield by mineral separation, automated mineralogy rapidly 
identified > 375 sub-20 µm zircons in a single thin section. Subsequently, zircon crystals were 
dated using modifications to the conventional SIMS technique to preferentially collect secondary 
ions emitted from a domain a few microns in size within the ~20 µm diameter analysis pit. This 
approach allowed analysis of zircons too small to be dated by standard SIMS and TIMS 
methods. U-Pb data define a discordia array with upper and lower intercepts of 1753 ± 9 Ma and 
63 ± 8 Ma, respectively (1σ error, MSWD = 1.5). We interpret the upper intercept to reflect 
zircon growth during high-temperature and high-pressure metamorphism (800 °C, 1.2 GPa) 
based on textural relationships between the dated zircons and the peak metamorphic assemblage. 
The lower intercept is attributable to the thermal pulse associated with emplacement of the 
nearby ca. 75 Ma Tobacco Root batholith. Percent discordance is linked with both textural 
setting and U concentration. Zircons located along grain boundaries or within fractured host 
grains display a positive correlation between U (1049-2817 ppm) and percent discordance (12-
82%) that is consistent with radiation damage-enhanced Pb loss. In contrast, three zircons housed 
completely within unfractured quartz yield the most concordant analyses of the dataset (≤ 7% 
discordant), despite U concentrations comparable to highly discordant matrix grains. This 
relationship suggests that the included zircons were shielded from Pb loss by the encapsulating 
quartz crystals. The primary geological implication of this dataset is to increase the documented 
extent of Paleoproterozoic high-grade metamorphism in the northwestern Wyoming craton.  
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 1. INTRODUCTION 
 Zircon U-Pb geochronology is a cornerstone of tectonic studies. Zircons are ideal targets 
for chronological information because they are common in many rock types, contain relatively 
high U and Th concentrations but incorporate little Pb upon crystallization, are durable, and are 
characterized by low U, Th, and Pb diffusivities through the undamaged crystal lattice.  
Increasingly precise analytical techniques, as well as improvements in spatial resolution, 
continue to expand the reach of this tool. For example, the analytical precision of 0.1% attained 
by thermal ionization mass spectrometry methods has dramatically enhanced our ability to 
calibrate the stratigraphic record (e.g., Bowring and Schmitz, 2003; Ramezani et al., 2011), the 
rapid throughput of U-Pb dating by laser ablation ICPMS techniques has facilitated detrital 
zircon geochronology studies to decipher sediment provenance and erosional histories (e.g., 
Gehrels et al., 2008), and the high spatial resolution of secondary ion mass spectrometry (SIMS) 
allows precise targeting of specific domains within individual zircon crystals (e.g., Ireland and 
Williams, 2003). Although most SIMS U-Pb studies are carried out on separated zircons in grain 
mounts, this method is also especially well-suited for in situ U-Pb dating. Most in situ analytical 
work has been accomplished on monazite (e.g., Stern and Berman, 2000), with fewer studies on 
zircon (e.g., Tomkins et al., 2005). 
The ability to date increasingly small zircon crystals using SIMS with retention of the 
petrographic context has a variety of benefits that are specifically exploited in this study. First, 
this capability enables extraction of age information from samples otherwise difficult to date by 
the U-Pb method. For example, mafic dike swarms provide critical time markers for 
tectonometamorphic activity and are useful for unraveling complex geologic histories, but dike 
samples commonly yield little or no zircon of sufficient size (≥	 10 µm) for U-Pb analysis. 
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 Second, in situ investigation permits the petrologic significance of the zircon dates to be directly 
linked with the zircon growth history and the pressure-temperature-time evolution of the rock. 
Finally, these analytical advances may provide insight into aspects of the U-Pb system that have 
not yet been fully explored. For example, although thermal shielding of zircons included in other 
phases might be expected to influence the age distribution of U-Pb data from complex 
polymetamorphic rocks, this effect has not previously been documented. The absence of such 
datasets may reflect the paucity of U-Pb studies that retain the petrographic context of the 
analyzed grains. 
 In this study, we applied two new approaches that together enabled us to acquire 
geochronological information on zircons from a metamorphosed mafic dike in the Wyoming 
craton in the Northern Madison Range of southwestern Montana (Fig. 1, 2). Initial processing of 
~10 kg of this sample using conventional crushing, magnetic separation, and heavy liquid 
methods yielded only two low-quality zircons. In contrast, subsequent application of automated 
mineralogical analysis of a single thin section from the mafic dike identified over 375 sub-20 µm 
zircon grains in less than 30 minutes. U-Pb SIMS geochronology typically uses a spot size of 10-
20 um, exceeding the dimensions of most of our zircon crystals and thus rendering many of our 
grains undatable by conventional methods. However, advances in SIMS techniques recently 
allowed dating of in situ baddeleyite grains as small as 3 µm (Chamberlain et al., 2010; Schmitt 
et al., 2010). Similar application to zircon in our study permitted us to date grains with a 
minimum dimension of 4 µm. We used this coupled approach to first guide our selection of 
zircon crystals and then to acquire in situ U-Pb data from a suite of 25 zircons from the thin 
section. We then utilized these results to (1) characterize the relationship between zircon textural 
setting, U concentration, and discordance in our dataset, (2) assess the significance of an 
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Figure 2. (A) Simplified geologic map of south-
western Montana showing the location of major 
basement-cored Laramide uplifts, the Tobacco 
Root batholith, and sample M08-72. Also shown 
are the locations of biotite, muscovite, and 
hornblende 40Ar/39Ar (symbols with bold 
outlines) and K-Ar (symbols with thin outlines) 
dates from Hayden and Wehrenberg (1960), Giletti (1966), Marvin and Dobson (1979), Erslev and Sutter (1990), 
Jacob (1994), King (1994), Harlan et al. (1996), Kovaric (1996), Brady et al., (1998), Roberts et al. (2002), and 
Brady et al., (2004). See Table 1 of Brady et al. (2004) for a detailed compilation of Tobacco Root Mountains and 
vicinity Ar data. Giletti’s Line, of Giletti (1966), is plotted as a dashed black line, separating K-Ar dates that were 
completely or partially reset in the Paleoproterozoic to the northwest from those that were not reset to the southeast. 
(B) Field photograph of the granulite-facies mafic dike from which sample M08-72 was taken with form lines for 
the early, folded fabric (S1) and the later, steeply dipping fabric (S2). (C) P-T diagram showing the results of 
quantitative thermobarometry for sample M08-72.
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 intriguing association between the most concordant analyses and the occurrence of zircons 
encapsulated within quartz, and (3) place our chronological data in the context of regional 
tectonometamorphism along the northwestern margin of the Wyoming craton. 
 
2. GEOLOGIC SETTING 
 The Wyoming craton is characterized by assemblages of geophysically and 
geochemically distinct Middle and Late Archean rocks (Wooden and Mueller, 1988; Mogk et al., 
1992; Frost et al., 1998; Henstock et al., 1998; Chamberlain et al., 2003), exposed in Late 
Cretaceous-Early Tertiary Laramide-style uplifts. Mafic dike swarms of differing age commonly 
occur in the basement-cored uplifts and have experienced varying degrees of 
tectonometamorphism (e.g., Snyder et al., 1988). Age constraints on the emplacement of these 
swarms include ca. 2.7 Ga in the Beartooth Mountains of Montana associated with Stillwater 
Complex magmatism (Premo et al., 1990), 2.69 Ga in the Bighorn Mountains of north-central 
Wyoming (Chamberlain et al., 2010), 2.17 Ga in the Wind River Range of Wyoming (Harlan et 
al., 2003), 2.09 Ga in the Sierra Madre Mountains of southern Wyoming (Premo and Van 
Schmus, 1989), 2.06 Ga in the Tobacco Root Mountains of Montana (Mueller et al., 2004), 2.01 
Ga in the Laramie Range of Wyoming (Cox et al., 2000), and 1450 Ma and 780 Ma in the 
Tobacco Root, Ruby, and Highland Mountains of Montana (Harlan et al., 2005). 
The Northern Madison Range of southwestern Montana is located along the northwestern 
margin of the Wyoming craton (Fig. 1). Crystalline basement rocks in the range include ca. 3.5- 
3.3 Ga orthogneisses (dominantly tonalite-granodiorite-granite) and intercalated paragneisses 
(e.g., Mueller et al., 1993; Mueller et al., 2004), intruded by variably deformed and 
metamorphosed mafic dikes of unknown age. Recent geochronological studies indicate that 
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 regional thermotectonism at 1.78-1.72 Ga, culminating in upper amphibolite to granulite facies 
metamorphism, affected rocks in the Tobacco Root Mountains and other ranges at the extreme 
northwestern margin of the Wyoming craton (Fig. 2A; Erslev and Sutter, 1990; Jacob, 1994; 
King, 1994; Harlan et al., 1996; Kovaric et al., 1996; Brady et al., 1998; Roberts et al., 2002; 
Brady et al., 2004; Cheney et al., 2004a). However, while Proterozoic thermal resetting of K/Ar 
and Rb/Sr systems has long been recognized in southwestern Montana (Fig. 2A; Hayden and 
Wehrenberg, 1959; Giletti, 1966; Marvin and Dobson, 1979), with newer 40Ar/39Ar data locally 
requiring temperatures of at least 500-550°C (Jacob, 1994; Harlan et al., 1996; Kovaric et al., 
1996; Brady et al., 1998; Roberts et al., 2002), the timing and extent to which high-grade 
metamorphism (temperatures > 700 °C) impacted rocks across this region is still unclear. 
Additional regional thermal perturbations include the emplacement of volcanic and intrusive 
suites in Cretaceous and Tertiary time (Fig. 1). 
 Mafic dikes of the Northern Madison Range are well-exposed in Bear Trap canyon, along 
the Madison River (Fig. 2). Mafic dikes intrude Archean garnet and biotite-bearing 
quartzofeldspathic gneisses and garnet amphibolite. The ~310 km2 Tobacco Root batholith is 
exposed west of Bear Trap Canyon in the eastern and central Tobacco Root Mountains. It is 
composed of granitic to dioritic intrusive rocks and yields K-Ar biotite dates of 77 ± 2 Ma to 72 
± 2 Ma (1σ errors) (Fig. 1, 2A; Vitaliano et al., 1980). 
 
3. SAMPLE, METHODS, AND RESULTS  
3.1. Sample M08-72 
 The analyzed sample (M08-72) was collected from the core of an ~3 m-wide mafic dike 
in Bear Trap canyon (Fig. 2A, B). The sample contains early relict orthopyroxene and an 
206
 equilibrium peak assemblage of Grt + Cpx + Hbl + Bt + Pl + Qz + Ilm, with accessory Ap and 
Zrn (abbreviations of Whitney and Evans, 2010). This dike was emplaced into a Pl + Bt + Qz ± 
Grt gneissic host. The dike cross-cuts an early, southwest-striking, shallowly dipping, folded 
fabric preserved in the host gneiss (S1) but also contains a penetrative, northeast-striking, 
moderately dipping deformation fabric (S2) that parallels the dike-host gneiss contact (Fig. 2B). 
The margins of the dike have been retrogressed to Hbl-Pl and the dike is boudinaged (Fig. 2B). 
Quantitative thermobarometry of the dike indicates peak metamorphic conditions of 1.2 ± 0.1 
GPa and 800 ± 50 °C (Fig. 2C; mineral compositions, details of thermobarometry calculations, 
and associated X-ray compositions maps in Supplemental Material, S1). 
  
3.2 Automated Mineralogy, Zircon Imaging, and Zircon Selection 
Identification and textural characterization of zircons were facilitated by in situ 
automated mineralogical analysis. We employed automated scanning electron microscope 
analysis (QEMSCAN) conducted at the Advanced Mineralogy Research Center at the Colorado 
School of Mines. QEMSCAN is a scanning electron microscope (SEM)-based analysis system 
that simultaneously collects energy dispersive x-ray spectrometer (EDS) spectra and calibrated 
backscatter electron (BSE) intensity information (Hoal et al., 2009). At each point in an 
automated map, the system collects a BSE signal and an EDS spectrum to make a phase 
identification based on prescribed BSE values and elemental intensities. A similar zircon search 
routine was used by Sack et al. (2011). Instrument operating conditions include 25 kV 
accelerating voltage, 5 nA sample current, 0.25-0.5 µm beam size. An advantage of automated 
mineralogical analysis over X-ray elemental analysis is the far more rapid generation of whole 
thin section maps (< 30 minutes with a 4 µm pixel dimension in our case). This facilitates quick 
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 identification of the primary phases and general texture via the BSE base map, and also rapidly 
confirms the presence, textural setting, and approximate grain size of accessory minerals as small 
as 4 µm.  
QEMSCAN was used to create two maps of a single thin section from M08-72. The first 
map highlights the location of zircons (4 µm step-size; Fig. 3A) and the second is a complete 
map of modal mineralogy (20 µm step-size; Fig. 3B). A total of 376 zircons were identified in 
thin section and classified according to size (Fig. 3A). Approximately 50%, 30%, and 20% of the 
grains have short axes of < 10 µm, 10-15 µm, and > 15 µm, respectively. The maximum axis of 
the largest identified zircon is 38 µm. The two thin section maps were superimposed in concert 
with petrographic analysis to evaluate the textural setting of the zircons. Most zircons are located 
along grain boundaries and triple junctions of Grt, Cpx, Opx, Bt, Hbl, Pl, Qz, and Ilm. Several 
grains are contained entirely within Opx, Bt, or Qz. A subset of zircons was imaged with BSE 
using a JEOL JXA 8600 electron microprobe at the University of Colorado at Boulder. Most 
grains appear unzoned or exhibit minimal but irregular zoning patterns in BSE. We attempted to 
image the grains with cathodoluminescence (CL) on the JEOL 5800LV SEM at the University of 
Wyoming, but the grains did not luminesce. 
A set of 25 zircon grains was selected for U-Pb SIMS analysis based on grain size, 
morphology, and textural setting. BSE images of the analyzed zircons are catalogued in Figures 
3C-F and S2. Of the target grains, 15 have a minimum axis dimension ≤ 10 µm (Table 1). The 
smallest dated grain is 6 x 4 µm (z148, Fig. 3C). The largest dated grain is 36 x 25 µm, and is 
one of the largest grains of the entire zircon population (z306, Fig. S2S). Nineteen zircons are 
located along grain boundaries, including 7 spatially associated with Opx, 6 associated with Grt, 
4 associated with Hbl, Pl, and Qz, and 2 associated with Bt. Of the zircons associated with or 
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Figure 3. M08-72 QEMSCAN thin section maps showing (A) location of zircons classified by short axis dimension 
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Table 1. SIMS U-Pb zircon analyses from M08-72 (UTM 0453791E, 5046873N). Errors are given at 1-sigma.
Dates (Ma)
Graina Textural Max. axisa Min. axisb 206Pb/238U % ± 207Pb/235U % ± rhoc 207Pb/206Pb % ± U 206Pb*d 206Pb/238U ± 207Pb/235U ± 207Pb/206Pb ± %
Setting (µm) (µm) (ppm) (%)  Discordance
z214 Qz 10 8 0.2863 0.90 4.1940 13.40 0.93 0.1062 0.13 1700 99.3 1623 45 1673 26 1736 22 7
z271 Qz 23 12 0.2862 0.75 4.2130 11.10 0.99 0.1068 0.05 1495 100.0 1622 37 1677 22 1745 8 7
z272 Qz 11 8 0.3171 1.04 4.7080 15.20 1.00 0.1077 0.03 1330 100.0 1775 51 1769 27 1761 5 0
z82 Opx 11 7 0.0778 0.29 0.9899 30.10 0.67 0.0923 2.59 1340 73.2 483 18 699 153 1473 531 67
z127 Qz 10 8 0.0654 0.26 1.2310 4.95 0.29 0.1365 0.65 1608 98.8 408 16 815 23 2184 83 81
z279 Bt 15 8 0.0504 0.12 0.6440 2.38 0.78 0.0927 0.22 2214 97.8 317 7 505 15 1481 45 79
z13 gbe 28 20 0.0696 0.20 0.9792 4.28 0.86 0.1020 0.24 1631 97.1 434 12 693 22 1661 44 74
z21 gb 10 8 0.1520 0.35 2.2600 5.19 0.89 0.1078 0.12 1062 99.1 912 20 1200 16 1763 20 48
z35 gb 7 5 0.0936 0.31 1.3100 4.55 0.91 0.1015 0.15 1751 99.9 577 18 850 20 1652 27 65
z76 gb 13 7 0.0749 0.25 1.0420 6.54 0.77 0.1009 0.43 1493 94.5 466 15 725 33 1641 79 72
z79 gb 25 12 0.2676 0.77 3.9150 11.90 0.98 0.1061 0.06 1049 99.3 1529 39 1617 25 1733 10 12
z85 gb 36 13 0.1147 0.31 1.6340 4.49 0.99 0.1033 0.05 1462 99.9 700 18 984 17 1685 8 58
z87 gb 10 8 0.1511 0.38 2.1630 6.33 0.93 0.1038 0.11 1205 97.3 907 21 1169 20 1693 20 46
z138 gb 24 22 0.1370 0.32 1.9820 4.93 0.99 0.1049 0.04 1110 99.4 828 18 1109 17 1712 8 52
z139 gb 13 10 0.1307 0.36 2.1360 24.40 0.74 0.1186 1.14 1140 91.3 792 21 1161 79 1935 172 59
z147 gb 38 18 0.0918 0.16 1.3100 7.97 0.62 0.1035 0.54 1594 97.2 566 9 850 35 1687 96 66
z148 gb 6 4 0.0786 0.13 1.0450 3.05 0.76 0.0965 0.19 1615 98.2 488 8 727 15 1557 37 69
z223 gb 30 10 0.0853 0.20 1.1780 7.18 0.49 0.1001 0.54 1516 95.8 528 12 790 34 1626 100 68
z269 gb 34 22 0.0772 0.17 1.0690 2.51 0.96 0.1004 0.06 1419 99.8 480 10 738 12 1631 12 71
z274 gb 12 10 0.1315 0.36 2.0450 18.30 0.69 0.1128 0.83 1515 94.2 796 20 1131 61 1845 133 57
z288 gb 12 9 0.0551 0.21 0.7097 8.64 0.71 0.0935 0.92 2817 91.4 346 13 545 51 1498 187 77
z289 gb 14 14 0.0542 0.09 0.7447 6.77 0.31 0.0996 0.87 1776 83.2 340 6 565 39 1617 162 79
z306 gb 36 25 0.0549 0.10 0.7486 1.36 0.98 0.0989 0.04 1706 99.8 345 6 567 8 1603 7 79
z311 gb 12 10 0.0445 0.07 0.5797 1.64 0.34 0.0945 0.26 1806 96.7 281 4 464 11 1519 51 82
z322 gb 20 15 0.1164 0.16 1.6680 2.16 0.92 0.1040 0.05 10279 99.4 710 9 997 8 1696 10 58
a Max. axis = maximum axis dimension
b Min. axis = minimum axis dimension
c rho = correlation coefficient of error ellipses
d Pb* = radiogenic Pb value, corrected for common Pb, in percent
e gb = grain boundary
Decay constants: λ (238 U) = 1.55125 * 10-10a-1; λ (235U) = 9.8485 * 10-10 a-1; λ (232Th) = 4.9475 * 10-11a-1; 207Pb/235U ages are calculated from the measured radiogenic 207Pb, corrected for common Pb,
and measured 238U divided by the 238U/235U abundance ratio of 137.88. U/Pb relative sensitivity was calibrated by UO2/U. AS3 zircon standard analyzed during a May 12-13, 2010 session yielded a
weighted mean 207Pb/206Pb date of 1073 ± 17 Ma (95% confidence; MSWD = 0.93) and a weighted mean 206Pb/238U date of 1095 ± 14 Ma (95% confidence; MSWD = 0.68). AS3 standard analyzed
during a March 3, 2011 session yielded a weighted mean 207Pb/206Pb date of 1085 ± 19 Ma (95% confidence; MSWD = 0.96) and a weighted mean 206Pb/238U date of 1104 ± 28 Ma (95% confidence;
MSWD = 0.18). Uncertainties in the reported analyses do not include error on the primary reference zircon or decay constant error.
(A) Within unfractured quartz
(B) In phases with fractures and cleavage planes
(C) Along grain boundaries
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 included in Bt, two zircons are rounded to subhedral and appear to have been overgrown by 
biotite (e.g., z306; Fig. S2S). Of the remaining 6 zircons, one grain (z82) is located within an 
Opx characterized by fractures parallel to cleavage planes (Fig. 3E). Another zircon is housed 
entirely within Bt and has a morphology suggesting zircon growth may have exploited the biotite 
001 cleavage plane (z279; Fig. 3F). Finally, 4 zircons are located completely within quartz 
(z271, z272, z214, z127; Fig. 4, S2). Of these 4, two (z271, z272) are in the same quartz grain 
(Fig. 4B) and one (z127) occurs along an open fracture (Fig. 4C). Most zircon grains exhibit 
ovular or irregular morphology. Of the analyzed grains, 17 zircons lack internal zoning and 7 
exhibit minor, irregular, or patchy zoning in BSE. One zircon is an exception (z322) and displays 
two distinct domains: an inner core riddled with inclusions and an outer, inclusion-free domain 
(Fig. S2U). 
 
3.3. SIMS U-Pb Analysis and Results 
 The thin section was trimmed to pieces < 7 mm in size using a low speed diamond saw. 
These pieces were then mounted in epoxy in a Teflon ring with an inner diameter of 2.54 cm, 
polished, cleaned, and covered with a nm-scale coat of conductive Au following the procedures 
outlined in Schmitt et al. (2010). Each mount also contained up to 5 grains of zircon standard 
AS3. Target grains were photographed and documented in both plane and cross-polarized light, 
both with and without a Au-coat to assist in locating zircons during SIMS analytical work. 
 We used the high-sensitivity CAMECA ims 1270 ion microprobe at the University of 
California, Los Angeles in three analytical sessions during two visits to the lab facility separated 
by nine months. Recent advances in the SIMS technique improve upon the spatial resolution and 
ion yield of the conventional SIMS method (Schmitt et al., 2010), making this the optimal tool 
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Figure 4.  BSE images of quartz-hosted zircons, (A) z214, (B) z271 and z272, and (C) z127. In (B), z274 is located 
at a grain boundary between quartz and garnet, and the white arrow highlights the location of an annealed fracture 
within quartz in contact with z271. White arrow in (C) points at an open fracture within quartz in contact with z127. 
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 for obtaining in situ, high-resolution U-Pb geochronological data on small (≤ 10 µm) zircons. In 
this refined approach, zircons are identified using the CAMECA ims 1270 imaging capabilities 
and the Hf signal to ensure that the dominant signal of the U and Pb analysis is from the target 
zircon grain alone, even when the ~20 µm primary beam diameter analysis pit encompasses both 
the zircon and a portion of the adjacent minerals (Fig. S3). The field aperture of the ims 1270 is 
adjusted to subsample secondary ions emitted from the interior of the pit. This allows for 
analysis of zircon grains with a minimum dimension as small as 4 µm at radiogenic yields 
typically > 95% for 206Pb* (radiogenic Pb). Narrowing the field aperture also assists in 
suppressing common Pb derived from the host minerals. In addition, the sample surface is 
flooded with oxygen gas, because enriching the sample surface layer in oxygen has been 
demonstrated to enhance the Pb* yield for sputtering of zircon by a factor of two. The instrument 
operating conditions and procedures performed to optimize secondary ion yields for the present 
study are described in detail by Grove et al. (2003) and Schmitt et al. (2010). Multiple analyses 
of zircon standard AS3 were performed at the beginning and end of each analytical session and 
between every 3 to 7 sample analyses. 
 We acquired one analysis for each of the 25 selected zircons because of the small size of 
the target grains. The results show a range of dates and U concentrations. Analytical results are 
reported in Table 1. All but one of the analyses define a discordia array with an upper intercept 
of 1753 ± 9 Ma and a lower intercept of 63 ± 8 Ma (Fig. 5A; 1σ error; MSWD = 1.5). One grain, 
z127, falls off this chord with a 207Pb/206Pb of 2184 ± 83 Ma (Fig. 5A, 1σ error). Percent 
discordance varies between 0 and 82% (Table 1). U concentration ranges from 1049 ppm to 2817 
ppm. Zircon z322 is an outlier with a U concentration of 10279 ppm, likely due to analysis of the 
grain’s core that is filled with BSE-bright (Fig. S2U) and presumably U-rich inclusions.  
213
600 
1000 
1400 
1800 
0.0 
0.1 
0.2 
0.3 
0.4 
0 1 2 3 4 5 6 
20
6 P
b/
23
8 U
 
207Pb/235U 
Within unfractured quartz
In phases with fractures and 
cleavage planes 
Along grain boundaries z214
207Pb/ 206Pb =
2184 ± 83 Ma 
z272
z271
z127
z279
Textural Setting
z82
z274
600 
1000 
1400 
1800 
0.0 
0.1 
0.2 
0.3 
0.4 
0 1 2 3 4 5 6 
20
6 P
b/
23
8 U
 
207Pb/235U 
< 1300 ppm
1300-1550 ppm
1550-1800 ppm
> 1800 ppm
z127
207Pb/ 206Pb =
2184 ± 83 Ma 
U concentration
U concentration
error ellipses 1σ
0 
20 
40 
60 
80 
100 
500 1000 1500 2000 2500 3000 3500 
%
 D
is
co
rd
an
ce
 
U (ppm) 
< 1300 ppm 
1300 - 1550 ppm 
1550 - 1800 ppm 
> 1800 ppm 
zircons completely
within quartz
error ellipses 1σ
Intercepts at
63 ± 8 & 1753 ± 9   [±11]  Ma 
 1σ error; MSWD = 1.5
All data except z127
Intercepts at
63 ± 8 & 1753 ± 9   [±11]  Ma 
 1σ error; MSWD = 1.5
All data except z127
A
B
C
Figure 5. (A) U-Pb concordia diagram for 
M08-72 with data distinguished by U 
concentration. (B) Percent discordance 
plotted as a function of U concentration for 
each group in (A). z322 is not plotted 
because the analysis is characterized by an 
anomalous U concentration due to U-rich 
inclusions. (C) U-Pb concordia diagram for 
M08-72 with data classified by zircon 
textural setting. The three most concordant 
analyses are contained completely within 
quartz, and are outliers from the percent 
discordance trend in (B). Analyses 
mentioned specifically in text are noted. 
Errors ellipses and intercepts are 1σ.
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4. DISCUSSION 
4.1. Influence of radiation damage and shielding on Pb loss from zircon 
 The discordance of the U-Pb data shows a relationship with both zircon U concentration 
and textural setting. Most data (22 of 25 analyses) display a positive correlation between 
discordance and U concentration for U values less than ~1600 ppm, with the trend flattening out 
at higher U (Fig. 5A, B). Within this suite, the two lowest U grains (1049-1062 ppm) are the 
most concordant (12-48%) and the three highest U grains (>1800 ppm) are the most discordant 
(≥ 77%).  Nineteen of these zircons are located along grain boundaries (e.g., Fig. 3C-D, S2). 
Three zircons occur in host minerals characterized by open fractures or cleavage planes (z127 in 
fractured quartz, z279 in biotite, and z82 in fractured orthopyroxene; Fig. 3, S2). In contrast, the 
three zircons that do not conform to this U concentration pattern are either encapsulated 
completely within unfractured quartz (z214, z272), or in quartz with an annealed fracture (z271) 
(Fig. 4, 5B, 5C). These three zircons yield the most concordant analyses (≤	 7 %) of the entire 
dataset, although they have U comparable to matrix zircons that are 67-79% discordant (Fig. 4, 
5). We find no correlation between zircon size and discordance even within groups of restricted 
U concentration, although this may reflect the randomness of thin section intersection with the 
zircon crystals that hinders reliable estimation of maximum zircon dimensions.   
The upper intercept of the U-Pb discordia array indicates zircon growth at 1753 ± 9 Ma, 
likely during high-grade metamorphism as discussed in the next section. The lower intercept at 
63 ± 8 Ma overlaps within 1σ uncertainty the K-Ar biotite dates of 77 ± 2 Ma to 72 ± 2 Ma (1σ 
uncertainty; Vitaliano et al., 1980) for the large (~310 km2 mapped exposure) Tobacco Root 
batholith located < 10 km from the study area (Fig. 1, 2A), pointing toward batholith 
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 emplacement as the cause of discordia array development. Although K/Ar and 40Ar/39Ar 
hornblende, muscovite, and biotite data from basement cored uplifts near the study area are 
predominantly ca. 1.6 to 1.8 Ga (blue symbols in Fig. 2A and associated references), distinctly 
younger dates in a halo around the Tobacco Root batholith document the thermal pulse 
associated batholith intrusion (red symbols in 2A; Giletti, 1966; Roberts et al., 2002; Brady et al., 
2004). Nominal closure temperatures based on experimental data for Ar diffusion are 500-550 °C 
for hornblende (Harrison, 1981), 425-450 °C for muscovite (Harrison et al., 2009), and 300-350 
°C for biotite (Grove and Harrison, 1996) depending on composition. Two samples located ~7 
km southwest of the M08-72 locality in southern Bear Trap canyon (Fig. 2A) yield 40Ar/39Ar 
dates of 1272 ± 8 Ma and 83 ± 4 Ma for hornblende, and 72 ± 8 Ma for biotite (Roberts et al., 
2002), while a biotite K-Ar date of 1620 ± 32 Ma (Hayden and Wehrenberg, 1960) is reported 
from ~ 10 km north of our sample locality (Fig. 2A). These results document spatial 
heterogeneity in the duration and intensity of peak temperatures from < 300 °C to ~500 °C 
depending on proximity to the batholith. The internal consistency of Grt-Bt thermometry with 
that of Grt-Cpx and Grt-Hbl from M08-72 suggests that Cretaceous reheating of this sample was 
likely nearer the lower end of the 300-500 °C range.  
Although discordia array development was surely caused by batholith intrusion, 
observations are inconsistent with a second phase of zircon growth at this time. Only a minority 
of zircons exhibit irregular but minimal zoning in BSE (Fig. 3C-F, S2). Analysis pits on all 
zircons unzoned in BSE that occur in the matrix or fractured host phases yield discordant data. 
Conversely, two of three analyses (z271, z272) of the zircons hosted in unfractured quartz yield 
the most concordant results of the dataset despite the presence of faint zoning in BSE (Fig. S2N, 
S2O). These observations suggest that the discordia array is not due to sampling of multiple 
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 chemically distinct age domains. In addition, the sample is taken from the dike interior (Fig. 2B) 
and preserves a well-developed high-grade metamorphic texture. We do not observe 
petrographic evidence for significant retrograde metamorphic reactions associated with a post-
1750 Ma thermal event that might have induced growth of a second zircon generation. For 
example, although garnet exhibits minor rim depletion in Mg suggestive of limited late Fe-Mg 
diffusional exchange with other ferromagnesian minerals, the subhedral garnet morphology and 
the lack of Mn enrichment at the edges are consistent with negligible retrograde garnet resorption 
(Fig. S1). 
Instead, several aspects of the dataset point toward a radiation damage-enhanced Pb loss 
mechanism for generation of the discordia array. The U-Pb data from the zircons in fractured 
host grains and the matrix exhibit the classic relationship between higher U concentration and 
greater discordance that has been considered diagnostic of radiation damage-enhanced Pb loss 
(e.g., Silver and Deutsch, 1963; Krogh and Davis, 1975). The zircons do not luminesce in CL, as 
expected for significantly radiation damaged zircon grains in which CL is suppressed (Nasdala et 
al., 2002). Alpha dosage calculations also indicate that the zircons are strongly radiation 
damaged. Zircons accumulate radiation damage at temperatures below the critical amorphization 
temperature of ~360 °C (Meldrum et al., 1998). The regional background 40Ar/39Ar and K-Ar 
biotite dates (blue symbols in Fig. 2A and associated references) of 1.6 to 1.7 Ga indicate that the 
zircons were at temperatures less than ~ 300-350 °C and accumulating radiation damage until the 
thermal pulse associated with ca. 70 Ma Tobacco Roots batholith emplacement. Estimates of 
radiation damage alpha dosage computed using the equation of Holland and Gottfried (1955), 
assuming a 1.6 Ga time interval, and ignoring the contribution from Th range from 5.9149 * 1018 
α/g to 1.5947 * 1019 α/g for the lowest and highest U zircons, respectively. These dosages 
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 exceed the typically observed threshold at which zircons become metamict (Geisler et al., 2003). 
Although undamaged zircon has a nominal closure temperature of ~900 °C, experimental 
data demonstrates that radiation damage accumulation in zircon substantially lowers the Pb 
retentivity so that the closure temperature for metamict zircon may be no greater than a few 
hundred °C (e.g., Cherniak and Watson, 2000). The ~300-350 °C temperatures likely attained by 
our sample during the Cretaceous thermal pulse and the correlation between U and discordance 
in the dataset point toward this mechanism of enhanced volume diffusion in radiation damaged 
zircon. In this case, higher U zircons with greater radiation damage become less retentive to Pb 
and will undergo greater fractional Pb loss in response to a thermal pulse than lower U zircons 
with less damage accumulation. The recognition that the three zircons completely encapsulated 
in unfractured quartz yield the most concordant analyses of our dataset despite U concentrations 
comparable to matrix zircons suggests that textural armoring shielded these zircons from Pb loss. 
The contrast in discordance between quartz-hosted z271 and z272 (0, 7% discordance) with 
grains such as z274 (57% discordance) located along the boundary between this same quartz 
grain and the adjacent garnet supports this hypothesis (Fig. 4B).  Although z271 is in contact 
with an annealed fracture in quartz that is visible in BSE, this fracture appears to have had little 
influence on Pb loss from this grain, suggesting that the fracture was not open at the time of the 
Pb loss event. In contrast, although z127 is also located completely within quartz, the zircon 
resides along an open fracture that is obvious both optically and in BSE, and the analysis is 81% 
discordant (Fig. 4C). Together these observations suggest that the concordant and near-
concordant results for the zircons in quartz is due to protection from Pb loss by the encapsulating 
grain, whereas the greater discordance of zircons located in fractured host grains and along grain 
boundaries is due to the presence of pathways for Pb migration during the Pb loss event. It is 
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 possible that the analytical spot sampled both the target zircon and some lesser portion of the 
host quartz grain, such that some fraction of the radiogenic Pb could have been analyzed from 
outside the zircon along the grain boundary or in the quartz. However, regardless of the exact 
location of the Pb, it is clear that it was mostly retained within the analysis site, suggesting that 
the zircons housed completely within unfractured quartz lacked fast pathways for the Pb to 
readily escape from the zircon and its immediate surroundings. 
If the interpretation of enhanced volume diffusion in radiation damaged zircon is correct, 
this study would be the first to provide evidence for thermal shielding of zircons from Pb loss. 
Previous research on shielding effects in the U-Pb system has been largely empirical (Dahl, 
1997), focused primarily on textural armoring of monazites from later recrystallization (e.g., 
DeWolf et al., 1993; Zhu et al., 1997; Montel et al., 2000), or emphasized shielding of zircon 
from interaction with crustal melts (e.g., Sergeev et al., 1995; Watson, 1996), all of which are 
distinct from the phenomenon of shielding of U-Th rich phases from Pb loss due to thermal 
effects alone. Few geo- or thermochronological datasets of any kind have been used to 
convincingly argue for shielding from thermal resetting. Perhaps the only example is an 
40Ar/39Ar thermochronology study of a polymetamorphic gneiss that documented a discrepancy 
in dates between garnet-hosted and matrix biotite. This observation lead the authors to suggest 
that biotite grains in contact with fractures in the host garnet and along grain boundaries were 
more susceptible to Ar loss via volume diffusion following a high-grade metamorphic event than 
those biotite crystals in garnet that were thermally shielded from Ar loss (Kelley et al., 1997).  
Other non-diffusional mechanisms, such as fluid-assisted processes (e.g., Geisler et al., 
2007), can also induce Pb loss from zircons. An alternative interpretation of our results is that a 
fluid phase was responsible for the Pb loss, with greater Pb removed from the more damaged 
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 zircons, thus generating the correlation between U and discordance observed in our dataset. In 
this scenario, the limited Pb loss from the quartz-hosted zircons would be due to the inability of 
the fluid to penetrate the host grains, with any fractures in the host grains providing conduits for 
the fluid. However, we do not observe significant textural evidence for fluid, and the intensity of 
the thermal pulse appears sufficient to induce volume diffusion in these damaged zircons without 
requiring the assistance of a fluid to explain the data.   
 
4.2. Implications for regional Paleoproterozoic thermotectonism 
Peak P-T constraints, textural setting, zircon morphology, structural observations, and U-
Pb geochronology from M08-72 collectively suggest metamorphic zircon growth in 
Paleoproterozoic time during high-pressure metamorphism. Quantitative thermobarometry of the 
peak mineral assemblage Grt + Cpx + Hbl + Bt + Pl + Qz + Ilm yields metamorphic conditions 
of ~800 °C and ~1.2 GPa (Fig. 2C). The zircons are texturally associated with all minerals of this 
peak metamorphic assemblage, including partial inclusion in several garnet porphyroblasts (e.g., 
Fig. S2B). Zircon characteristics are most consistent with a metamorphic origin (Corfu et al., 
2003), as the zircons are round, ovular, or irregular in shape, and either lack internal zoning or 
exhibit minor, patchy zoning (Fig. 3C-F, S2). The peak assemblage defines the S2 fabric 
observed in the M08-72 mafic dike and adjacent host gneiss (Fig. 2B), and our field observations 
indicate that this penetrative fabric occurs in the orthogneisses, paragneisses, and other similar 
mafic dikes exposed throughout the Bear Trap Canyon area. Based on these lines of evidence, 
we consider the upper intercept of 1753 ± 9 Ma to represent the timing of high-pressure 
metamorphism and D2 deformation. 
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 Paleoproterozoic high-grade metamorphism has been documented both in Archean rocks 
and mafic dikes in adjacent basement-cored mountain ranges to the west. Archean gneisses and 
metapelites in the Tobacco Root Mountains yield temperatures as high as 750 °C and pressures 
up to 1.0 GPa (Cheney et al., 2004a) at ca. 1.7 Ga (Brady et al., 2004; Cheney et al., 2004b; 
Harms et al., 2004). Mafic dikes exposed in the Tobacco Root Mountains are reported to record 
pressures of 0.8-1.0 GPa and temperatures of 625-700 °C (Cheney et al., 2004a), peak conditions 
that are slightly lower than those determined for M08-72. U-Pb data from a population of 
rounded zircons from a Tobacco Root dike in the northwestern part of that range record a 
weighted mean 207Pb/206Pb SHRIMP date of 1763 ± 8 Ma (Mueller et al., 2004). This date is 
interpreted to represent the timing of high-grade metamorphism in the Tobacco Root Mountains 
(Mueller et al., 2004), and is statistically indistinguishable from our metamorphic zircon date 
from M08-72 in Bear Trap Canyon.  
Together these data point to a regional high-grade tectonometamorphic event at ca. 1.75 
Ga along the northwestern margin of the Wyoming craton. Previous workers in the Tobacco 
Root Mountains labeled this event the Big Sky Orogeny, reflecting an arc-continent collision 
associated with activity on the Great Falls Tectonic Zone (e.g., Harms et al., 2004). Our data 
extend the spatial extent and elevated P-T conditions associated with this event into the Northern 
Madison Range and indicate that rocks in the vicinity of Bear Trap Canyon may be exhumed 
from a deeper structural level than those in the Tobacco Root Mountains. 
 
5. CONCLUSIONS 
The ability to analyze in situ zircon crystals as small as 5 µm with retention of the 
petrographic context makes it possible to obtain chronological information from zircons that are 
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 undatable by conventional methods, allows effective linkage of zircon growth history with the 
tectonometamorphic evolution of the rock, and can provide new insights into aspects of zircon 
U-Pb systematics. We applied automated mineralogy coupled with modifications to the 
conventional SIMS U-Pb dating technique to extract U-Pb data from zircons in a metamorphosed 
mafic dike in the Northern Madison Range, Montana. Automated mineralogy mapping revealed 
> 375 sub-20 µm zircons in a variety of textural settings in our dike thin section. Adjusting the 
field aperture of the CAMECA ims1270 to subsample the analysis pit (Chamberlain et al., 2010; 
Schmitt et al., 2010) allowed us to analyze zircon grains with minimum dimensions as small as 4 
µm at radiogenic yields typically > 95% for 206Pb. 
The discordia array shows a clear correlation with both zircon U concentration and 
textural setting. The positive correlation between U and discordance for matrix zircons and those 
in fractured host phases, as well as no evidence for new zircon growth, leads us to interpret the 
discordia array to reflect radiation damage-enhanced Pb loss. The temporal overlap between the 
lower intercept at 63 ± 8 Ma and emplacement of the nearby Tobacco Root batholith suggests 
that the thermal pulse associated with intrusion induced the Pb loss. Three zircons encapsulated 
completely within unfractured quartz are the only analyses that overlap concordia despite U 
concentrations comparable to highly discordant matrix grains. The simplest interpretation is that 
the zircons were shielded from Pb loss at ca. 63 Ma due to armoring in quartz. 
Thermochronologic data suggest that sustained basement temperatures near our sample of no 
greater than ~300-500°C during Tobacco Root batholith emplacement induced the variable 
magnitudes of fractional Pb loss observed in our dataset. 
We interpret the concordant analyses, defining the upper intercept of 1753 ± 9 Ma, to 
represent the timing of high-pressure metamorphism and associated deformation in the 
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northwestern Wyoming craton during regional tectonism along the Great Falls Tectonic Zone. 
Documentation and interpretation of this early metamorphic history was enabled in part because 
the quartz-encapsulated zircons were shielded from the effects of subsequent intrusive activity. 
Thus, our data not only highlight the value of in situ analyses for unraveling the complex 
evolution of polymetamorphic rocks, but also imply that targeting zircons located completely 
within unfractured host phases may aid in isolating the earlier portions of this history. 
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Sample description and silicate compositions
M08-72 has the peak assemblage Grt - Cpx - Hbl - Bt - Pl - Qz - Ilm with relict Opx and accessory Ap and Zrn. Major 
phases exhibit fairly uniform, fine grain-size (~100-400 μm) and is moderately foliated, although individual crystals 
have a strain-free, annealed appearance. Garnet is generally subhedral and unzoned (typical core Mg# or [XMg/(XMg 
+ XFe)] = 0.20), except for a subtle decrease in Mg toward grain margins, which is interpreted as the result of late 
Fe-Mg exchange reactions with other ferromagnesian phases during cooling. Typical compositions are ~XGr = 
0.19-0.20 and ~XSp = 0.01-0.02. Mn is uniform and garnet lacks a Mn increase at grain boundaries. Clinopyroxene, 
hornblende, and biotite are generally unzoned, except for a narrow Mg increase at the margins, interpreted as due to 
late Fe-Mg exchange with garnet. Orthopyroxene is also unzoned, with typical Mg# of 0.46-0.48. Plagioclase is 
characterized by low Ca interior domains (An23), with  steep, 
Analytical methods
Wavelength dispersive spectrometric X-ray maps were created and silicate compositions analyzed using a JEOL 8600 
electron microprobe at the University of Colorado at Boulder. X-ray maps were made using an accelerating voltage of 
15 kV, beam current of 100 nA, and pixel count times of 60 ms.  Quantitative analyses were made using an 
accelerating voltage of 15 kV, beam current of 25 nA, and variable peak count times of 10 - 30 ms (background 10 
ms). Common silicate standards were used.
References
Berman, R.G., 1991, Thermobarometry using multi-equilibrium calculations; a new technique, with petrological applications;  
 Quantitative methods in petrology; an issue in honor of Hugh J. Greenwood: Can. Min. 29, 833-855.
Berman, R., and Aranovich, L., 1996, Optimized standard state and solution properties of minerals. Contrib. Min. Petr., 126,   
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Thermobarometry
Pressure and temperature conditions were determined 
using TWQ 2.34 (Berman, 1991; 
http://gsc.nrcan.gc.ca/sw/twq_e.php) and the 
internally consistent thermodynamic database of 
Berman and Aranovich (1996; updated in 2007; 
Berman et al., 2007). In general, only well-calibrated 
reactions that are recommended in the TWQ program 
were used. Absolute errors are considered to be 
approximately ± 50°C and ± 0.1 GPa (Berman, 1991). 
All Fe is assumed to be Fe2+.
Supplemental Material (S1) - Quantitative Thermobarometry Ault et al.
 graditional increases in Ca along grain margins (> An30), 
which could be due to either diffusional exchange with 
garnet during cooling from high temperatures or limited 
retrograde garnet-consuming net-transfer reactions. 
Figure S1. X-ray composition maps for analyzed area in mafic dike sample M08-72. 
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Table S1. Silicate compositions - sample M08-72
Grt core Pl core Cpx Hbl Bt Opx
pt pt 7 pt 13 pt 3 pt 16 pt 7 pt 1
SiO2 38.30 60.37 52.70 43.55 35.17 51.09
TiO2 0.04 - 0.27 1.97 5.34 0.01
Al2O3 20.99 23.80 2.78 11.29 15.05 1.62
FeO 29.20 0.10 12.67 18.74 20.37 32.38
MnO 0.78 - 0.15 0.04 0.00 0.32
MgO 4.11 - 10.97 8.93 9.24 15.56
CaO 7.92 5.07 21.40 11.36 0.05 0.63
Na2O - 9.06 0.77 1.52 0.02 0.03
K2O - 0.50 0.00 1.44 10.89 0.00
Total 101.34 98.90 101.71 98.84 96.14 101.65
Mg # 0.20  - 0.61 0.46 0.28 0.46
XAlm 0.615  -  -  -  -  - 
XPyr 0.154  -  -  -  -  - 
XSps 0.017  -  -  -  -  - 
XGr 0.214  -  -  -  -  -
XAn  - 0.23  -  -  -  - 
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Figure S2. BSE images of the dated M08-72 zircons at two scales. White arrows highlight the location of the target zircon. Note 
that some of the images were taken following the SIMS analyses and thus have relict Au from the Au coat as well as the imprint 
of the primary beam.
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Figure S3. BSE images for analyzed zircons (A) z21, (B) z76, and (C) z85 showing SIMS primary spots 
outlined with white dashed lines. Bright white domains in BSE reflect residual Au coat on sample mounts.
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CHAPTER 6 
 
SYNTHESIS AND FUTURE RESEARCH DIRECTIONS 
 
 
1. IMPLICATIONS FOR STABILITY OF THE SLAVE AND WYOMING CRATONS 
 The Slave and Wyoming cratons exhibit many classic attributes of Archean cratons. Both 
are composed of some of the oldest (>3.5 Ga) dated rocks on Earth extracted from ancient 
mantle reservoirs (e.g., Mogk et al., 1992; Frost, 1993; Bowring and Housh, 1995; Bowring and 
Williams, 1999) and are underlain by thick, high velocity mantle lithosphere down to ~250 km 
(e.g., Griffin et al., 1999; Kopylova and Caro, 2004; Burdick et al., 2010). However, both cratons 
have been perturbed following Precambrian cratonization. The expressions of reactivation both 
at the surface and at depth differ, as are explored in this dissertation. 
 The Slave craton and environs are traditionally considered to have been insulated from 
plate tectonic processes following stabilization ca. 1.85 Ga (Hoffman, 1988). Repeated 
kimberlite intrusion (e.g., Heaman et al., 2004) and the entrainment of metasomatized lower 
crustal and mantle xenoliths (e.g., Carbno and Canil, 2002) together suggest thermal and 
chemical modification to the cratonic lithosphere. These same kimberlites also contain 
Phanerozoic sedimentary xenoliths of different ages (e.g., Cookenboo et al., 1998; Nowicki et 
al., 2004) that indicate the region was covered by Phanerozoic strata in the past and provide a 
unique framework for the low temperature thermochronologic studies of this dissertation. Apatite 
(U-Th)/He (AHe) data and corresponding thermal history simulations constrain a dynamic 
surface history characterized by two episodes of burial and unroofing in the Paleozoic-early 
Mesozoic and Cretaceous-Early Tertiary time. This and other AHe datasets demonstrate a similar 
Paleozoic-early Mesozoic burial and unroofing history over a > 1300 km swath of the western 
Canadian shield. This history is out of sync with eustatic sea level chronologies, thus requiring 
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vertical cratonic motions to explain the data (Flowers et al., 2012). Research presented here also 
identifies ≥350 m of elevation gain since ~100 Ma in the central Slave craton, with modern 
elevations of 500-600 m. 
 Although the Slave craton was located hundreds of kilometers from active plate 
boundaries throughout the Phanerozoic and lacks evidence for internal Phanerozoic deformation, 
the documented burial, unroofing, and vertical motion history of the region likely reflects the 
combined influences of processes either directly or indirectly related to far-field plate boundary 
activity. These include dynamic topography, flexural effects, and proximity to sediment sources 
in regions of elevated topography. The relative influence of the different Laurentian plate 
boundaries on the cratonic surface history appears to evolve through time. For example, the 
transition from Paleozoic subsidence to Mesozoic surface uplift may reflect a shift from 
predominantly northern to western plate boundary controls on surface processes occurring well 
within the interior of the shield. Establishing the details of the Slave craton vertical motion 
history and the links between surface and mantle processes derived from far-field Laurentian 
plate boundary activity may help refine geodynamic models that predict vertical continental 
motions through time in response to changing mantle flow regimes (e.g., Zhang et al., 2012). 
In contrast to the Slave craton, the Wyoming craton is dissected by Phanerozoic 
structures. The Archean cratonic basement of the Wyoming craton is only exposed in Laramide-
style uplifts. Despite its position well-inboard of an active Cenozoic subduction zone, the 
evolution of slab interaction with the overlying cratonic lithosphere may have induced regional 
subsidence and subsequent crustal shortening (e.g., Jones et al., 2011). Mafic dike swarms were 
repeatedly emplaced into the Wyoming craton from ~2.7 Ga to 780 Ma (e.g., Cox et al., 2000; 
Mueller et al., 2004; Harlan et al., 2005; Chamberlain et al., 2010). Collectively, these 
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observations highlight protracted mechanical, thermal, and chemical changes to the cratonic 
lithosphere. Chronologic data from a mafic dike swarm exposed in the Northern Madison Range 
provide additional insight into modifications to the northwestern margin of the Wyoming craton. 
Paleoproterozoic high-pressure granulite facies metamorphism and contemporaneous 
deformation recorded in the Bear Trap Canyon mafic dike likely reflects regional tectonism 
associated with Great Falls Tectonic Zone activity. Results extend the imprint of elevated 
pressure-temperature conditions associated with this orogenic system further inboard into the 
Wyoming craton than previously documented. 
 
2. IMPLICATIONS FOR METHOD DEVELOPMENT AND APPLICATION 
2.1. Application of apatite (U-Th)/He thermochronometry to ancient rocks 
Research presented here demonstrates the successful application of the AHe technique to 
cratonic settings. Prior use of AHe has focused mostly on samples that were cooled and exhumed 
rapidly in active orogenic settings (e.g., Ehlers and Farley, 2003). Previous work in cratonic 
regions has been largely limited to apatite fission track (AFT) thermochronology (e.g, Gleadow 
et al., 2002; Kohn et al., 2005) to resolve the thermal history of these slowly cooled rocks. 
Coupled AFT and AHe investigations in cratons (e.g., Hendriks and Redfield, 2005; Green and 
Duddy, 2006) were problematic because of previously inexplicable AHe data scatter and 
observed inversion of AFT and AHe dates. Improved understanding of radiation damage 
(Shuster et al., 2006; Flowers et al., 2009) and U-Th zoning (Farley et al., 2011) influences on 
apatite He diffusivity has helped to alleviate this issue. Thermal histories diagnostic of slowly 
cooled rocks and/or cratonic settings may amplify small differences in He diffusivity as a result 
of these influences. The comprehensive evaluation of apatite U-Th zoning presented here 
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confirms that in most cases zonation will not substantially impact AHe data scatter at the sample 
level. This indicates that the assumption of uniform U-Th concentrations when calculating AHe 
dates is sensible and that detailed zoning information is not required to accurately interpret AHe 
data. 
 The majority of samples from the northwestern Canadian shield yield reproducible 
results, with only 3 of 25 samples exhibiting dates characterized by >20 % sample standard 
deviation. In one case, the scatter is attributable to the presence of strong U-Th zoning revealed 
by U-Th concentration maps. The cause of dispersion in the other two samples is not fully 
understood, but could be due, for example, to heterogeneous He injection from adjacent high U-
Th phases. The overall coherency of data patterns yielded by this large cratonic AHe dataset 
provides additional confidence in our ability to accurately interpret such data in these settings.   
 
2.2. Acquisition of chronologic information from “undatable” samples 
 The combination of two new approaches, automated mineralogical searching and 
modifications to conventional SIMS U-Pb geochronology, facilitated the acquisition of 
chronologic data from a mafic dike in the northwestern Wyoming craton that would have been 
considered undatable by conventional methods. Traditional mineral separation methods applied 
to a ~10 kg bulk rock sample yielded only two low quality zircons. QEMSCAN analysis of a 
single thin-section, however, rapidly revealed the presence of over 375 sub-20 µm zircons. Most 
zircons had a short axis of < 10 µm, thereby prohibiting the use of conventional ion probe 
techniques with a 15-20 µm spot size. Zircons as small as 5 µm in diameter were successfully 
dated using recent advances to the SIMS technique to preferentially collect secondary ions 
emitted from the interior of the primary beam analysis pit (Chamberlain et al., 2010; Schmitt et 
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al., 2010). The U-Pb data was acquired in situ, thus retaining the textural framework of the 
zircons. Because of the in situ nature of the analyses, it was possible to document the textural 
shielding of zircon completely housed within unfractured host phases like quartz from 
subsequent thermal perturbations, thereby accessing the earliest portions of the zircon growth 
history that are commonly erased by later metamorphic events. 
 
3. FUTURE WORK 
Additional thermochronologic and geochronologic data will help to further constrain the 
history of burial, unroofing, and elevation change of the Slave craton and adjacent orogenic 
systems as well as test the proposed model for kimberlite preservation. At present, AHe data 
provide only minimum peak temperature estimates attained during the Paleozoic-early Mesozoic 
phase of reheating and reburial. Acquisition of AFT data from the same cratonic basement 
samples will refine and potentially establish spatial patterns of peak temperatures, owing to the 
higher temperature sensitivity of the AFT method (~60-120 °C; e.g., Gallagher et al., 1998). 
Such information would in turn better constrain possible geodynamic controls on the surface 
history of the craton. Comparison of complementary AHe and AFT data from the Slave craton 
may help document and resolve compatibility issues between these two systems sometimes 
encountered in slowly cooled rocks. 
The connection between the documented burial and unroofing history and the modern 
kimberlite distribution is based on existing kimberlite age constraints. At present, many more 
kimberlites have been identified in the Slave craton than have been dated. Available ages from 
the Lac de Gras, Jericho, and southeastern fields indicate that kimberlites within a ~50 km2 range 
were emplaced in co-magmatic clusters over 5-30 million years (Creaser et al., 2004; Heaman et 
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al., 2004; Hetman et al., 2004; Heaman et al., 2006). This suggests that the 250 million year gap 
in kimberlite magmatism may be real. However, additional age constraints from kimberlites from 
around the Slave craton, particularly from the more recently discovered northern Slave craton 
kimberlite fields, will further test the hypothesis that pipes emplaced during peak Paleozoic 
reburial were completely eroded during subsequent unroofing. The results could also be used to 
further refine the burial and unroofing model proposed in this dissertation. 
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 APPENDIX 1.  
 
SIMS U-Pb ZIRCON GEOCHRONOLOGY OF A MAFIC DIKE (A09-61), GALLATIN 
PEAK REGION, NORTHERN MADISON RANGE, WYOMING CRATON: DATA 
SUMMARY AND PRELIMINARY INTERPRETATIONS 
 
 
1. OBJECTIVE 
To evaluate the dike crystallization age, timing of regional tectonometamorphism, and 
possible connections to Bear Trap Canyon dike swarm (M08-72; Chapter 5) 
 
2. GEOLOGIC SETTING AND SAMPLE DESCRIPTION 
The Wyoming craton is characterized by assemblages of geophysically and 
geochemically distinct Middle and Late Archean rocks (Wooden and Mueller, 1988; Mogk et al., 
1992; Frost et al., 1998; Henstock et al., 1998; Chamberlain et al., 2003), exposed in Late 
Cretaceous-Early Tertiary basement-cored uplifts. The Northern Madison Range of southwestern 
Montana is located along the northwestern margin of this craton (Fig. 1). Crystalline basement 
rocks in the range include ca. 3.5-3.3 Ga orthogneisses (dominantly tonalite-granodiorite-granite) 
and intercalated paragneisses (e.g., Mueller et al., 1993; Mueller et al., 2004), intruded by 
variably deformed and metamorphosed mafic dikes of unknown age. Geochronologic and 
thermochronologic studies indicate that regional thermotectonism at 1.78-1.72 Ga, culminating 
in granulite facies metamorphism, affected rocks in the Tobacco Root Mountains and other 
ranges at the extreme northwest margin of the Wyoming craton (Fig. 2A; Giletti, 1966; Erslev 
and Sutter, 1990; Jacob, 1994; King, 1994; Harlan et al., 1996; Kovaric et al., 1996; Brady et al., 
1998; Roberts et al., 2002; Brady et al., 2004; Cheney et al., 2004a). 
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 Sample A09-61 comes from a ~ 5 m wide dike exposed in the Gallatin Peak region of the 
Northern Madison Range (Fig. 1, 2). The dike is comprised of Grt + Hbl + Pl + Qz + Ilm with 
accessory Ap, Zrn, and Ttn (abbreviations of Whitney and Evans, 2010). The dike contains cm-
scale subhedral garnet porphyroblasts in a matrix dominated by Hbl - Pl (Fig. 2C, 3A). Garnets 
are rimmed by retrograde plagioclase and by an outer hornblende-rich halo, inferred to have 
formed during garnet growth (Fig. 2C, 3A). Garnets contain inclusion trails of an earlier fabric, 
which are slightly oblique to the penetrative foliation. The inclusion population includes Hbl – Pl 
– Qz – Ilm. Hornblende inclusions are commonly euhedral. Plagioclase rims and hornblende-rich 
halos around the garnet are locally elongate in the penetrative foliation, which is defined by 
aligned Hbl and Pl in the matrix (Fig. 2C). 
The A09-61 dike was emplaced into an orthogneiss host (Pl + Qz + Bt), and the dike 
contact is locally discordant to an early gneissic layering in the host. The penetrative foliation in 
the dike, which parallels the dike contact, is thus interpreted to be younger than this gneissic 
layering. This fabric is inferred to be equivalent to the S2 fabric in sample M08-72 from Bear 
Trap Canyon near the northwest terminus of the Northern Madison range and other dikes 
exposed across the range. The A09-61 dike is folded at the m-scale (Fig. 2B). These folds are 
interpreted to be F3 folds, as they not only fold the dike-host contact, but also the S2 fabric in the 
dike and the adjacent host rock. 
 
3. METHODS 
3.1. Automated Mineralogical Analysis 
Identification and textural characterization of zircons were facilitated by in situ 
automated mineralogical analysis (QEMSCAN) conducted at the Advanced Mineralogy 
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Figure 1. Simplified regional geologic map of the northern Rocky Mountains of 
Montana, Idaho, and Wyoming, with basement rocks exposed in mid-Cenozoic uplifts. 
Major geologic provinces are noted and separated by dashed gray lines. Black box 
denotes location of Figure 2A.
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Figure 2. (A) Simplified geologic map of southwestern Montana showing the location of major 
basement-cored mountain ranges, the Tobacco Root batholith, and samples A09-61 and M08-72. Also 
shown is the sample locality of mafic dike (K-3) dated by Mueller et al. (2004), and the locations of 
biotite, muscovite, and hornblende 40Ar/39Ar (symbols with bold outlines) and K-Ar (symbols with 
thin outlines) dates from Hayden and Wehrenberg (1960), Giletti (1996), Marvin and Dobson (1979), 
Erslev and Sutter (1990), Jacob (1994), King (1994), Harlan et al. (1996), Kovaric (1996), Brady et al., 
(1998), Roberts et al. (2002), and Brady et al., (2004). See Table 1 of Brady et al. (2004) for a detailed 
compilation of Tobacco Root Mountains and vicinity data. Giletti’s Line, of Giletti (1966), is plotted as 
a dashed black line, separating K-Ar dates that were completely or partially reset in the Paleoprotero-
zoic to the northwest from those that were not to the southeast. (B) Field photograph of the folded 
mafic dike, A09-61. (C) Close-up field photograph of A09-61 from a fold limb. Garnet porphyroblasts 
(cm-scale) are rimmed by retrograde plagioclase and hornblende-rich halos that developed during 
prograde garnet growth. The penetrative fabric is S2, which is folded by the F3 fold shown in (B).
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 Research Center at the Colorado School of Mines. This technique generates whole thin-section 
zircon search maps in < 30 minutes, making it a more efficient alternative to the conventional 
elemental X-ray mapping approach. QEMSCAN is a scanning electron microscope (SEM)-based 
analysis system that simultaneously collects energy dispersive x-ray spectrometer (EDS) spectra 
and calibrated backscatter electron (BSE) intensity information (Hoal et al., 2009). At each point 
in an automated map, the system collects a BSE signal and an EDS spectrum to make a phase 
identification based on prescribed BSE values and elemental intensities. Instrument operating 
conditions include 25 kV accelerating voltage, 5 nA sample current, 0.25-0.5 µm beam size, and 
a 23 mm working distance.  
 
3.2. Zircon imaging 
 Zircons were imaged in situ with BSE and cathodoluminescence (CL) for internal 
zoning characteristics. BSE and CL imaging were conducted on the JEOL JXA 8600 electron 
microprobe at the University of Colorado at Boulder and the JEOL 5800LV SEM at the 
University of Wyoming, respectively. 
 
3.3.SIMS U-Pb zircon geochronology 
The high-sensitivity CAMECA ims 1270 ion microprobe at the University of California, 
Los Angeles was used during a single analytical session to obtain U-Pb dates on in situ zircons. 
The A09-61 thin-section was trimmed into pieces < 7 mm in size using a low speed diamond 
saw. These pieces were mounted in epoxy in a Teflon ring with an inner diameter of 2.54 cm, 
polished, cleaned, and covered with a nm-scale coat of conductive Au following the procedures 
outlined in Schmitt et al. (2010). Each mount also contained a block with up to 5 zircon standard 
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 grains (AS3). Target grains were photographed and documented in both plane and cross-
polarized light, both with and without a Au-coat to assist in locating zircons during SIMS 
analytical work. Recent advances in the SIMS technique improve upon the spatial resolution and 
ion yield of the conventional SIMS method (Schmitt et al., 2010). In this refined approach, 
zircons are identified using the CAMECA ims 1270 imaging capabilities and the Hf signal to 
ensure that U and Pb are analyzed from the target grain alone, even when the ~20-25 µm primary 
beam diameter analysis pit encompasses both the zircon and a portion of the adjacent minerals. 
The field aperture of the ims 1270 is adjusted to subsample secondary ions emitted from the 
interior of the pit. This allows for analysis of zircon grains with a minimum dimension as small 
as 4 µm at radiogenic yields typically > 95% for 206Pb* (radiogenic Pb) (Ault et al., in review). 
Narrowing the field aperture also assists in suppressing common Pb derived from the surface or 
host minerals. In addition, the sample surface is flooded with oxygen gas, because enriching the 
sample surface layer in oxygen has been demonstrated to enhance the Pb* yield for sputtering of 
zircon by a factor of two (Schmitt et al., 2010). The instrument operating conditions and 
procedures performed to optimize secondary ion yields for the present study are described in 
detail by Grove et al. (2003) and Schmitt et al. (2010). Multiple analyses of zircon standard AS3 
were performed at the beginning and end of each analytical session and between every 3 to 7 
sample analyses. 
 
4. RESULTS 
4.1. A09-61 zircon population, SIMS targets 
• The QEMSCAN zircon search identified 420 zircons in the A09-61 thin section (Fig. 3B). 
• The average short axis dimension for ~60% of grains is ~ 10 µm.  
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Figure 3. (A) Thin section plane light photomacrograph of A09-61 displaying dike mineralogy. Garnet porphyroblasts 
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Min. radius
r = < 10 mm
r = 10-20 mm
r = 20-30 mm
r = > 30 mm
5 mm
A09-61
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 • 24 grains selected for SIMS analyses based on morphology, presence/absence of internal 
zoning and inclusion-rich cores, and textural setting. One analysis per grain was performed. 
• The largest analyzed grain (z92) is 61 * 28 µm (Fig. 3E) and the smallest analyzed grain 
(z144) is 17 * 10 µm (Fig. S1Q). 
 
4.2. Zircon morphology and internal structure 
• Zircons are categorized into 2 groups based on the presence or absence of an inclusion-rich 
core. Zircons in both groups are either rounded/ovular in shape (e.g., Fig. 3C, 3H) or 
irregularly shaped (e.g., Fig. 3E, S1A, S1K). 
• Group 1: Zircons are characterized by inclusion-filled core domains and inclusion-free 
rims (Fig. 3C-F). These cores appear skeletal or “foam-like” and are filled with ≤ 1 µm-
sized inclusions. The inclusion population appears bi-modal with dark (Qz?) and bright (U, 
Th, REE-rich) phases in BSE. Rim domains are fractured. The relative proportions of core 
and rim material vary from grain to grain. Some zircons are almost entirely comprised of 
the core domain (e.g., Fig. 3C), whereas others are almost entirely comprised of the 
inclusion-free rim (e.g., Fig. 3F). In CL, the cores of these grains appear dark and 
featureless and the rims appear bright. 
• Group 2: Zircons are characterized by the absence of inclusion-rich cores. Little or no 
internal zoning is visible in BSE and CL in Group 2 grains. A subset of these zircons 
exhibits bright cores in BSE. In CL, these cores appear dark. These grains also lack 
fractures. 
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 4.3. U concentration 
• Group 1:  All Group 1 zircons have > 100 ppm U. Zircons with large core domains have > 
1000 ppm U and those zircons comprised of predominantly rim material have U values 
between 100-1000 ppm. 
• Group 2: All Group 2 zircons have < 100 ppm U. 
 
4.4. Zircon Textural Setting 
• Group 1 zircons occur within inclusions in garnets (z77, Fig. 3C), in garnets (e.g., z79, Fig. 
3D), in hornblende-rich halo enveloping garnets (z59, Fig. S1E), and in the matrix (e.g., 
z92, Fig. 3E). 
• Group 2 zircons occur in garnets (z144, Fig. S1Q), in plagioclase rims around garnets 
(z145, Fig. S1R), and in the matrix (e.g., z50, Fig. 3G). 
 
4.5. SIMS U-Pb geochronology 
• U-Pb data are presented in Table 1. 
• All Group 2 zircons yield concordant (or reversely discordant) analyses (at 2σ) with a 
weighted mean of 1737 ± 14 Ma (1σ, MSWD = 1.8, n = 8; Fig. 4A). These grains have U 
concentrations < 100 ppm (Fig. 4B) and, although they generally occur in the matrix, they 
are also occur as inclusions in garnet (Fig. 4C). 
• Two Group 1 zircons (z77, z79) yield concordant analyses (at 1σ) at ca. 2.45 Ga (Fig. 4A). 
The most concordant of these analyses, z77, has a 207Pb/206Pb age of 2458 ± 3 Ma, a U 
concentration of 3445 ppm, and is located completely within a plagioclase inclusion in 
garnet (Fig. 3C, 4C). The other analysis, z79, has a 207Pb/206Pb age of 2442 ± 7 Ma, a U 
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Table 1. SIMS U-Pb zircon analyses from A09-61 (UTM 0470816E, 5022885N). Errors are given at 1-sigma.
Dates (Ma)
Grain Textural Max. axisa Min. axisb 206Pb/238U % ± 207Pb/235U % ± 207Pb/206Pb % ± U 206Pb*c 206Pb/238U ± 207Pb/235U ± 207Pb/206Pb ±
Setting (µm) (µm) (ppm) (%)
(A) Associated with Grt
z77 in Pl incl. in Grt 21 17 0.4630 0.02 10.2000 0.46 0.1600 0.00 3445 99.98 2453 91.4 2456 41.5 2458 2.75
z23 in Grt 18 12 0.2070 0.01 3.6300 0.20 0.1270 0.00 233 97.41 1214 57.9 1557 44.5 2058 30.6
z41 in Grt 18 14 0.3360 0.01 6.7300 0.23 0.1450 0.00 1784 99.87 1867 54.2 2077 29.6 2291 3.7
z79 in Grt 30 11 0.4340 0.02 9.4900 0.40 0.1590 0.00 517 99.67 2323 82 2387 39.1 2442 7.06
z145 in Grt 20 16 0.4070 0.03 6.0900 0.55 0.1090 0.00 73 98.01 2202 147 1989 78.6 1774 61.2
z59 in Hbl halo 42 19 0.1720 0.01 3.1000 0.17 0.1310 0.00 4503 99.22 1023 50.7 1432 41.2 2107 6.25
z144 in Pl rim 17 10 0.2770 0.01 4.4600 0.32 0.1170 0.01 46 94.86 1577 73.4 1724 59.5 1906 77
z78 in Pl-Grt g.b.d 27 17 0.1200 0.00 1.9700 0.08 0.1190 0.00 2409 99 731.4 28.6 1105 28.3 1940 14.5
(B) Matrix
z30 g.b. 27 18 0.1148 0.01 1.9160 0.13 0.1211 0.00 448 91.99 700.3 36.4 1087 44.8 1972 61.1
z31 g.b. 30 24 0.3345 0.02 4.9500 0.31 0.1073 0.00 56 99.17 1860 96.6 1811 52.2 1755 28.5
z34 g.b. 34 18 0.3844 0.03 5.7940 0.52 0.1093 0.00 28 99.75 2097 159 1946 78 1788 41.9
z48 g.b. 36 12 0.3800 0.02 5.4760 0.33 0.1045 0.00 46 97.02 2076 89.5 1897 52 1706 61.6
z50 g.b. 17 12 0.3538 0.02 5.5750 0.37 0.1143 0.00 58 96.17 1953 92.2 1912 56.9 1869 59
z51 in Qz 17 11 0.3563 0.01 7.4260 0.23 0.1512 0.00 3024 99.95 1965 51.7 2164 27.6 2359 3.38
z52 in Hbl 25 13 0.3175 0.02 4.8230 0.30 0.1102 0.00 58 96.43 1778 81.7 1789 52.1 1802 54.8
z53 in Hbl 31 17 0.1402 0.01 2.7270 0.27 0.1410 0.01 484 84.93 846 29.9 1336 73.6 2240 139
z63 g.b. 27 19 0.3451 0.02 4.8190 0.37 0.1013 0.00 32 96.82 1911 103 1788 65.1 1648 68
z69 g.b. 36 16 0.3258 0.01 4.6580 0.20 0.1037 0.00 73 99 1818 60.5 1760 35.1 1692 25.8
z71 g.b. 28 14 0.3341 0.02 4.9340 0.28 0.1071 0.00 44 99.32 1858 85 1808 47 1750 38.7
z85 g.b. 25 16 0.3607 0.02 5.2870 0.27 0.1063 0.00 58 99.4 1985 86.3 1867 43.9 1737 22.9
z91 g.b. 23 21 0.3370 0.02 4.8600 0.37 0.1050 0.00 34 99.43 1872 119 1795 63.6 1706 35.4
z92 g.b. 61 28 0.3270 0.02 7.1700 0.34 0.1590 0.00 5093 99.91 1823 74.5 2133 42 2447 3.6
z109 g.b. 48 15 0.4159 0.02 5.9250 0.36 0.1033 0.00 67 98.31 2242 111 1965 53.4 1685 29.1
z112 g.b. 32 14 0.2850 0.02 4.2100 0.33 0.1070 0.00 44 96.41 1615 89 1676 64 1753 75.2
a Maximum axis dimension
b Minimum axis dimension
c Pb* = radiogenic Pb
d g.b. = grain boundary
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 concentration of 517 ppm, and is located within garnet in contact with a fracture (Fig. 3D, 
4C). 
• The remainder of Group 1 zircons are discordant with 207Pb/206Pb dates that range between 
1940 Ma ± 15 Ma (z41) and 2447± 4 Ma (z92). These grains also have U concentrations > 
100 ppm (Fig. 4B) and occur in a variety of textural settings (Fig. 4C). 
 
5. SYNTHESIS AND INTERPRETATIONS 
• The inclusion-filled core domains of Group 1 zircons yield ca. 2.45 Ga U-Pb SIMS dates. 
Zircon z77 is composed of almost entirely core material and yields the most concordant 
analysis of the Group 1 population (Fig. 4A).  
• The inclusion-free rim domains of Group 1 zircons are correlative with the inclusion-free 
and relatively unzoned Group 2 zircons (Fig. 3, S1). Both are interpreted to have grown at 
ca. 1737 Ma. Variable discordance of all but two Group 1 zircons reflects two-component 
mixing between core and rim domains coupled with a recent Pb loss event (Fig. 4). 
Inspection of SIMS analysis pits reveals that the primary beam sampled both core and rim 
domains of these discordant grains. For example, z79 is comprised of both core and rim 
material. This grain is barely concordant (within 1σ), because the analysis pit sampled both 
core and rim material (Fig. 3D).  
• The position of the analysis pit as well as the relative proportions of core and rim material 
in Group 1 zircons also influence the observed U concentration. Grains comprised of 
mostly rim material yield U concentrations between 100 and 1000 ppm (Fig. 4B). Grains 
where the primary beam samples both the core and rim also have 100-1000 ppm U 
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Figure 4. U-Pb concordia for SIMS data from 
A09-61 with zircon analyses classified according 
by the presence or absence of an inclusion-rich 
core (A), U concentration (B), and zircon textural 
setting (C). Group 2 zircons characterized lack 
inclusion-filled cores, display negligible to modest 
internal zoning in BSE, and have < 100 ppm U 
yield concordant analyses with a weighted mean of 
1737 ± 14 Ma (1σ, MSWD = 1.8). The remainder 
of the zircons (Group 1) have inclusion-filled 
cores and inclusion-free, cracked rims and U 
concentrations in excess of 100 pm. Two of these 
grains, one located within a garnet porphyroblast 
and a second within a plagioclase inclusion in 
garnet yield concordant analyses (1σ) at ca. 2.45 
Ga. The other high U grains with inclusion-rich 
cores occur in a variety of textural settings and are 
discordant. This discordance likely reflects 2 
component mixing between ca. 2.45 Ga core and 
ca. 1.74 Ga rim domains and recent Pb loss. 
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 concentrations, representing mixing between core regions riddled with U-rich inclusions 
and low-U rim domains. 
• Fractures in the rim domains radiating from cores in Group 1 zircons are due to high U 
concentration and resulting differential metamictization that expands the core domain and 
causes fracturing of the more rigid rim (e.g., Fig. 3E, F; Corfu et al., 2003). 
• Garnet growth (and associated upper-amphibolite facies metamorphism) occurred at ca. 
1.74 Ga. The presence of zircons of this age (Group 2) texturally associated with garnet 
porphyroblasts (e.g., they occur within the garnet and also in the hornblende-rich halo 
around the garnet that likely formed when the garnet grew) and Group 1 zircons with ca. 
1.74 Ga rim domains are also texturally associated with the garnet, including occurring 
within the garnet, indicate that zircon growth must have occurred prior to or during garnet 
growth. Field observations suggest that garnet growth is synchronous with the development 
of the penetrative S2 foliation, that is present not only in the Gallatin Peak region, but also 
across the entire Northern Madison Range. 
 
6. OUTSTANDING QUESTIONS 
6.1. Is 2.45 Ga the crystallization age of the A09-61 dike? 
• Although it is not possible to completely rule out inheritance as the source of the ca. 2.45 
Ga zircons, these dates may reflect the age of crystallization of the dike or a metamorphic 
zircon growth event. In the latter scenario, the Gallatin Peak dikes would be at least as old 
as ca. 2.45 Ga. Host rocks in the region yield exclusively 3.5-3.3 Ga zircons (e.g., Mueller 
et al., 1993; Mueller et al., 2004). To date, no ca. 2.45 Ga crust has been identified in the 
Northern Madison Range or in any of the other ranges in the northwestern Wyoming 
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 craton, thus making it highly unlikely that these dikes sampled ca. 2.45 Ga crust during 
emplacement. If the Group1 zircons cores are xenocrystic, why do we not observe a variety 
of types of cores of differing ages? 
• A ca. 2.45 Ga cryptic thermal event has been documented in 207Pb/206Pb monazite 
systematics (Roberts et al., 2002; Cheney et al., 2004b). Is it possible that the Northern 
Madison Range dikes are the source of heat during this time? Additionally, the ca. 77-72 
Ma Tobacco Root Batholith (Vitaliano et al., 1980), located in the adjacent Tobacco Root 
Mountains, contains inherited ca. 2.45 Ga zircons (Mueller et al., 1996). Is it possible that 
the Northern Madison Range dikes represent the missing crust that the batholith sampled 
during emplacement?  
 
6.2. Do the dikes exposed in the Northern Madison Range represent a single dike swarm or 
multiple dike swarms? Are the dikes from Bear Trap Canyon (e.g., M08-72) the same age 
as the dikes in the Gallatin Peak region? 
• Both M08-72 and A09-61 contain evidence for ca. 1.74-1.75 Ga tectonometamorphism. 
However, M08-72 records peak metamorphic conditions at 800°C and 1.2 GPa (Ault et al., 
in review) and A09-61 appears to record slightly lower pressures and temperatures, 
although there is no quantitative thermobarometry data for this dike at present. The Grt – 
Hbl – Pl assemblage preserved in the dike is suggestive of slightly lower peak P-T 
conditions in the upper amphibolite facies. Both dikes exhibit similar structural 
characteristics, including a pervasive S2 fabric of similar orientation. In A09-61, however, 
this fabric was subsequently folded by an F3/D3. 
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• M08-72 does not exhibit a ca. 2.45 Ga signature in the grains that have been dated from 
this sample (Ault et al., in review). One of 25 analyses in M08-72 analyses yields a 
207Pb/206Pb date of 2184 ± 83 Ma, but it remains questionable as to whether this date 
reflects the timing of M08-72 emplacement. A mafic dike in the adjacent Tobacco Root 
Mountains (K-3 in Fig. 2A) yields a suite of ca. 2.06 Ga zircons that are interpreted to be 
igneous (Mueller et al., 2004). Are the mafic dikes in the Northern Madison Range 
emplaced at the same time as the Tobacco Root Mountain dikes? Alternatively, is M08-72 
part of the Tobacco Root Mountains swarm and different from the Gallatin Peak dikes? 
Assuming both dikes were emplaced at ca. 2.45 Ga, is it possible that the high-pressure 
granulite facies metamorphism experienced by M08-72 erased the record of earlier events? 
Or are M08-72 and A09-61 from different dike swarms that are both different from the 
Tobacco Root dikes. Does this indicate that the dikes are from different dike swarms? 
Additional geochronologic information is necessary to address these outstanding questions. 
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Figure S1. Compilation of A09-61 zircon BSE images, taken at two scales. Arrow highlights location of zircon.
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Figure S1 continued.
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